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ABSTRACT 

A major problem which stymies the use of some photochemical techniques for 

biomedical use is the requisite ultraviolet (UV) radiation to initiate chemical 

reactions. UV covers the range of the electromagnetic spectrum from 10 to 400 

nm. The majority of UV initiated photochemistry occurs within the range of 280 

to 380 nm which constitutes the UVA and UVB. However, this range of UV is 

affiliated with carcinomas, DNA damage, immune modulation and mitochondrial 

damage.[1–3] Upconversion nanoparticles (UNPs) have the ability absorb 

multiple near-infrared (NIR) photons to produce emission with a higher energy 

than any of the individual absorbed photons ranging from higher energy NIR to 

UVB emissions. By utilizing NIR excitation, one can drive photochemical 

reactions in biological environments at the site of the UNPs rather than direct UV 

radiation to the culture or tissue. The biological window includes the NIR 

between 700 and 1350 nm which fortunately includes the range of excitation 

wavelengths in UNPs occur. This presents a serendipitous opportunity to develop 

systems for NIR triggered photochemical reactions without the need for a 

continuous dose of UV irradiation. The major goal of the research presented in 

this dissertation was to synthesize functional upconversion nanoparticles for 

improved UV emission, explore their potential as a nano-tool for photochemistry 

while maintaining imaging capabilities, and developing a novel UNP that will 

increase the appeal of UNPs as biomedical technology. 

The first aim was to perform an exhaustive study of the available preparative 

mechanisms for controlling the UV emission of UNPs (chapter 2). The second 
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aim was to successfully and reproducibly synthesize UV emitting UNPs, and to 

functionalize these nanoparticles for use in optical techniques (chapter 3) to 

understand their potential as both a bioimaging agent and photochemical 

tool (chapter 4). The third aim was to develop a new paradigm for UNPs which 

utilizes a kinetics-based approach to harvest UV energy from UNPs without 

UV emission (chapter 5). 

     First, a broad analysis of how to prepare particles for maximizing UV 

emission.  These preparative techniques were broken into three categories: hosts, 

dopants and architecture. Tuning of UV emission and mechanisms by which it is 

done were systematically analyzed. Biological and medical appeal of UV for 

photochemistry were observed. Lastly, the compatibility between different 

techniques as well as the compatibility between certain techniques and different 

purposes of UNPs were considered. Second, synthesis and functionalization of 

UNPs were performed so the optical properties and applications of the UNPs 

could be determined.  This included the discovery of a post-preparative excitation 

technique to control the UV emission from UNPs by means of modulating the 

excitation pulse width.  Third, a new type of UNP, intended specifically to 

advance photochemistry for biological environments was developed. By utilizing 

known rate constants from lifetimes, and theoretical rates of energy migration or 

transfer based on literature a kinetic model of UNPs was drafted. To achieve the 

parameters of the kinetic model a thorough investigation of UV quenching co-

dopants were examined. Lastly, to verify the kinetic model UNPs were combined 

in suspension with fluorescent energy transfer acceptors. Energy transfer was 
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measured by the compared luminescence spectra of UNPs with and without the 

energy acceptor. 
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1. INTRODUCTION 

1.1 Historical Context  

 Canonically, Upconversion Nanoparticles (UNPs) are composed of 

sodium, yttrium, and fluoride as a host crystal. In this case a percentage of the 

yttrium is replaced by lanthanide ions that produce upconversion. Yttrium was 

discovered in a quarry near Ytterby, Sweden by Carl Axel Arrhenius in 1787. 

Arrhenius found a mixture of metallic oxides “earths” in the form of a black 

mineral he called “ytterbite” which he sent off to various chemists across Sweden. 

Among those chemists was Johan Gadolin, the namesake of gadolinium. From the 

sample Gadolin discovered a new “earth” in the form of “yttria” which isolated 

would be the eventual element yttrium. Over the following decades seven new 

elements were discovered in the sample giving birth to the collection of “rare 

earths” which would become the name for the collection of elements including the 

lanthanides, yttrium and scandium.   

 Rare earth elements share a unique disposition in their state of 

classification. Currently there is still discussion pertaining to whether or not f-

block metals are considered part of group 3 elements. Because the rare earths 

contain scandium, yttrium and the lanthanides, they exclude any standard 

category which might be ascribed to the periodic table. However, the bulk 

similarities that lanthanides share with yttrium and scandium group them nicely. 

They share similar silvery-grey colors, luster, high electrical conductivity, 

trivalent oxidation, solubilities, and coordination. Yttrium, with an effective ionic 
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radius of 0.9 Ångstrom is on the lower end of ionic radii relative to the 

lanthanides but does fall within the 1.04 to 0.86 Å range. The magnetic and 

spectroscopic properties of the rare earths vary substantially between the 

individual elements. The similarity between physical characteristics of the atoms 

but difference in spectroscopic properties draws intrigue about the ability to 

interchange them in more complex systems.  

 China is the majority producer of rare earths in the form of oxides.[4] 

Despite their name, rare earths exist with relative abundance on Earth. However, 

as with all mining and production there is significant environmental impact. In 

2012 the EPA wrote in the process of mining rare earths an excess of 90% of 

mined content is waste.[4] This excess in itself is problematic because the USA 

alone used nearly 7500 tonnes in 2008.[4] While there are a great deal of sites on 

federal land which would make for ideal production, there exists another problem 

with the presence of thorium and uranium in rare earth samples. This means not 

only is processing of rare earths ecologically and environmentally dangerous but 

the mere act of mining it will lead to significant runoff of radioactive materials. 

However, due to their heavy use in technological products and research rare 

earths are in high demand and China meets the bulk of the entire world’s demand 

supplying now 220000 tonnes per year.[5] Within the United States rare earths 

were predominately produced at a site called Mountain Pass in San Bernadino, 

California. At peak, the Mountain Pass rare earth production accounted for more 

than half the world supply of rare earths, in the range of 25000 metric tonnes. 

However due to a mixture of environmental regulations and very stiff competition 
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from the expanding Chinese production, Mountain Pass was closed.[4] It is easy 

to assume that USA was willing to pass off the economic and environment 

hardship of mining and refining rare earths due to the average of approximately 4 

pipeline spills per year between 1984 and 1998.[6] Important to note these spills 

contained radioactive waste along with harsh processing chemicals and an excess 

of half a million gallons of waste was “lost” in the process to which Molycorp 

lawyer said there is “no reason to think it is posing a significant risk to the 

tortoises or visitors or residents.”[7] While it might appear that the US was losing 

significant power in the rare earth market by removing their production, the 

Mountain Pass has since updated and maintained its infrastructure to meet 

regulatory needs should the market turn, and production becomes economical 

again. It is difficult to understand and interpret the actions of Chinese rare earth 

production. By the end of the 90s China had absolutely dominated the market due 

in large part by pricing other operations out of the global market.[8] However, in 

effort to stranglehold the market and spur more foreign investment into Chinese 

manufacturing, China imposed export restrictions in 2010 which sent rare earth 

prices soaring outside of China. The USA, European Union and Japan filed suit 

against China through the World Trade organization leading to an eventual panel 

ruling against China.[9] However, this also exposed a swath of illegal mining 

operations around China which was exacerbating the environmental issues and 

buoying some manufacturers from collapse that were dependent on rare 

earths.[10] Currently state-owned enterprises are responsible for mining and 

refining rare earths. Given the burgeoning issues of trade tensions worldwide, 
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there have been many talks of reinvigorating US rare earth production or creating 

joint ventures with Canada to ensure technological security in the form of 

requisite resource security.  

 Industrial use of rare earths varies wildly with the exception that nearly all 

uses are employed in technological fields ranging from metallurgy and catalysts 

for refining petroleum to telecommunications and renewable energy. There exists 

strong global demand for rare earths for development of better electronics, solar 

panels, batteries and wind turbines to the point where it is difficult to imagine 

meeting future demand without severe cost. Similar to the problem with 

manufacturing rare earths themselves, most manufacturing utilizing rare earths is 

relatively hostile as well.[11] The sinking reality of global climate change has led 

to an urgent push for complete replacement of energy production that skirts with a 

cosmic irony about the environmental impact. In 2011 the people of Zhejiang 

were dismayed and revolted to find their local water supply had been victim for 

convenient disposal of unknown toxic waste of a local solar panel manufacturing 

company.[11] Protests were quickly extinguished as the business had strong 

government backed trade deals with American based companies.[11] A single 6-

megawatt wind turbine requires roughly 1 tonne of neodymium.[12] To provide 

736 gigawatt production provided by fossil fuels in 2017 it would take roughly 

132500 tonnes of neodymium.[13] Assuming a vein of bastnäsite is 90% waste, 

and 12% of the bastnäsite is neodymium, a rough estimate of 11042000 tonnes of 

earth would need to be mined to recover enough neodymium to get the United 

States off of fossil fuels to wind power. The point of this exercise is not to be 
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dismissive of alternative energy but rather appreciate the breakthroughs research 

is making and appreciate that these seemingly Herculean tasks will be done it just 

requires significant hardship and cost. An inspiring breakthrough of a 3.6 

megawatt turbine in Denmark replaced that 1 tonne of neodymium with a 1kg of 

gadolinium in the form of a high temperature superconducting ceramic.[14]  

 Rare earths are used for a wide array of research that spans the sciences. 

As the research around rare earths, lanthanides in particular, mature a blossoming 

of industrial application will occur. Chelated lanthanides for diagnostic assays are 

a perfect example of research transitioning into application. Because of the unique 

spectroscopic properties, in particular the long lifetimes of lanthanides, many 

technologies are waiting to be exploited for medical and industrial use. Currently, 

rare earths are being researched in the form of hydrophobic ceramics coatings as a 

replacement for polymeric coatings, rare earth nanoparticles for their unique 

spectroscopic properties which allow photon upconversion, and as catalysts for a 

variety organic chemistry and biochemistry application.[15–17] Given 

lanthanide’s unique f-block position they will continue to provide avenues for 

further scientific investigation. Perhaps a facile explanation but the ongoing lack 

of clarity of how to order and classify lanthanides in the periodic table is 

symptomatic of their unharnessed potential.  

1.2 Physical Intro 

 To understand the gravity and importance of the optical properties of 

UNPs it requires some fundamental understanding photophysical interactions. It 
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also aids appreciation to understand those non-linear optics to which UNPs 

provide an alternative. For these reasons there is a brief introduction to the 

aforementioned topics. 

 Spectroscopy is a fundamental tool used in many facets of technology 

since the 1800s where the first diffraction grating brought a more complete 

understanding of the continuity of the visible light spectrum. Since then 

spectroscopy has evolved as both an experimental technique and broadly as a field 

of study. Early spectroscopy functioned in the domain of absorption and emission 

measurements of photons. However, as technological advances occurred more 

differing, yet potent fields of spectroscopy predicated on elastic scattering, 

inelastic scattering, coherent resonance and impedance measurements. 

Predominately these works focus on absorption and emission measurements but 

does include the use of some scattering measurements for characterization 

methods. Emission spectroscopy is the primary technique which occurs in these 

works. Emission spectroscopy in the traditional sense is the excitation of a 

molecule by a specific wavelength of light, followed by some internal conversion 

leading to emission from the molecule at a longer (lower energy) wavelengths. 

Alternatively, the spin pairing can undergo an intersystem crossing within the 

molecule leading to an extended time spent in the excited state due to the Laporte 

forbidden transition between the triplet state and ground state as seen in figure 

1.2.1. However, there are advanced forms of energetic interactions are not well 

defined by the classical interactions displayed in figure 1.2.1.  For this we need to 

consider nonlinear optics. 
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Figure 1.2.1: Jablonski diagram illustrating an absorption event A of a photon 

exciting a molecule from ground state S0 to an excited state S2, followed by an 

internal conversion event IC in which energy is lost down to a lower excited state 

S1. From S1 the molecule can undergo a fluorescent radiative decay event F, or 

an intersystem crossing event ISC from which the molecule will undergo a 

phosphorescent event P from the T1 excited state. 

 Nonlinear optics is a subset of photophysical interactions which generally 

require high light intensities such as those provide by a laser. The first and most 

popular form of nonlinear optics as it relates to bioimaging is two photon 

absorption (TPA). TPA, requires photon densities such that absorption of two 

photons can occur nearly simultaneously resulting in a population equivalent to 

twice the fundamental photon energy. There also exists a two-photon emission 

process but it does not currently bare any important in bioimaging. The other 

important process to understand is second harmonic generation (SHG) which is 
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the population of a virtual state at twice the fundamental wavelength by 

simultaneous absorption of two photons. Both of these processes share a 

similarity in the population of intermediary virtual states and further excitation 

leading to a higher energy state than the fundamental would usually allow. 

However, upconversion utilizes real states and as such eliminates the need for 

high light intensities like that of a femtosecond pulse laser.  

 Photon upconversion is the sequential excitation of real energy levels to 

populate a state which emits a photon at of higher energy than any of the photons 

absorbed in populating said states. Even though nonlinear optics, which utilizes 

transient virtual states to terminate two photons and produce one photon of 

doubled frequency these concepts were actually hypothesized decades before 

upconversion mechanisms. The first observations of nonlinear optics in the form 

of TPA and SHG, following the invention of the laser in 1961, were only a few 

years preceding the first realization of photon upconversion in 1966. There are 

multiple mechanisms of upconversion but the first and most obvious example is 

an excited state absorption (ESA). In this case a molecule, or atom, is excited with 

a photon to a real state and then another photon excites it to a higher state. The 

second popular mechanism is energy transfer upconversion (ETU), which utilizes 

two ions for the population of higher energy states. One ion is responsible for the 

absorption of excitation photons and then transferring the energy over to another 

ion responsible for emitting the higher energy photon. The emitting ion either 

absorbs a photon in its excited state or receives another energy transfer from the 

first ion to populate the higher energy state which emits the upconverted photon. 
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The third generic mechanism for upconversion is cooperative sensitization 

upconversion (CSU). This mechanism utilizes two moieties, which can be ions or 

parts of a molecule, responsible for absorption of excitation photons, both of 

which transfer their energy to a third moiety. The third moiety is responsible for 

emitting the upconverted photon but does not play a direct role in the absorption 

of excitation photons. As a side note, it is notable that photon upconversion and 

nonlinear optics are differentiated from anti-stokes Raman scattering which is 

used to probe real vibrational states of materials. A comparison of these 

mechanisms can be seen in the illustrative schematic in figure 1.2.2.   

 

Figure 1.2.2: A schematic representation for the comparison of nonlinear 

processes and photon upconversion processes.  

 Upconversion nanoparticles are inorganic crystals on the scale of 1-100 

nanometers in diameter which undergo photon upconversion through careful 

design. Because of their large anti-Stokes shift and long lifetimes UNPs make for 

a compelling alternative to other fluorophores. By utilizing an anti-Stokes process 

images are relatively free from autofluorescence and produce a high signal to 

noise ratio. For these reasons UNP research has exploded with interest and 

evolved since the 1990s as seen in figure 1.2.3. 
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Figure 1.2.3: A rough portrayal in the popularity trend of publications mentioning 

upconversion based on electronically public data.  
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2. DESIGNING ULTRAVIOLET UPCONVERSION FOR 

PHOTOCHEMISTRY 

The following work in this chapter was prepared as a review publication. It has 

been submitted to the Journal of Luminescence. At the time of publishing this 

dissertation it is pending revisions. 

2.1 Introduction 

Upconversion, the process of conversion of multiple low energy photons 

into a single photon of higher energy has developed over the past few decades 

from a novel phenomenon of specialized interest to emerging technology with 

increasingly broad appeal in the development of modern luminescent 

materials.[18,19] The recent progress in complex chemical preparations of 

nanomaterials presents new opportunities for the realization of a variety of 

functional materials based on upconversion nanoparticles (UNPs).  Major 

developments surrounding synthetic methods and adaptions of surface 

engineering brought the phenomena of upconversion from the cut and polished 

crystals to modern, water-dispersible nanoparticles contemplated for biomedical 

applications. [20–24]  

Much of the research in upconverting materials has focused on the 

mechanism leading to the conversion of photons from the infrared into the visible 

range of electromagnetic spectrum .[25–28]  However, recent advances 

demonstrate the ability to upconvert NIR photons to produce higher energy states 

and concomitant radiation in the UV range.[29–31] The main appeal of this NIR-
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to UV upconversion is that it may enable NIR activation of a wide range of 

photochemical reactions, traditionally requiring UV activation.  This is 

particularly attractive in developing new materials and processes for biomedical 

applications, where the use of UV radiation is undesirable or even deleterious.  In 

this review, we summarize the key preparative strategies leading to efficient NIR-

to-UV upconversion. 

In medical practice, photochemical reactions are already utilized in certain 

applications, most notably in UV-activated surgical sealants, UV-activated 

dimethacrylate dental resins, and photodynamic therapy.[32–34] Beyond these 

still limited areas of clinical use, photochemistry is utilized in a large number of 

biomedical applications, spanning areas of synthetic chemistry, diagnostic tests, 

and biomedical research.   Examples of synthetic methods supported by 

photochemical reactions include semi-synthesis of artemisinin, an antimalaria 

drug, or light-directed, spatially addressable parallel chemical synthesis, a method 

of producing combinatorial arrays of peptides.[35,36] A large number of 

diagnostic assays rely on the use of light to form excited states of molecules, often 

followed by fluorescence, energy transfer, or formation of singlet oxygen.   These 

mature laboratory techniques include commercially available 

immunofluorescence assays, fluorescence in situ hybridization, oxygen sensing, 

and others.   Biomedical research utilizes a vast number of photochemical 

techniques, many developed in recent decades.  Some of the most relevant 

examples include uncaging fluorescent probes, release of drug molecules, click 

reactions, activation of smart polymers, light controlled manipulation of nucleic 
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acid and protein functions.[37–41] Many of these research tools can potentially be 

translated into clinical applications addressing currently unmet medical needs.    

One of the obstacles to such translation is the use of UV light, necessary to 

deliver energies sufficient for photochemical reactions.  Many of these involve 

photodissociation, photoisomerization, or photo-crosslinking, typically requiring 

energy in the range of several hundreds of kJ/mol.  For example, breaking the 

N=O bond, a step in the photodissociation of nitrobenzyl, requires energy 

comparable with that of a single photon at 200 nm, a deep UV radiation.  While 

actual photochemical reactions can be achieved at lower energies, they commonly 

require illumination in the UV range (Table 2.1.1).  The known phototoxicity of 

UV and its limited penetration into live tissues impedes the development of 

photochemical techniques for clinical applications.[1,2,42–44] For example, UV 

is known for causing cellular damage to both DNA and mitochondria as well as 

being a contributing factor in melanoma.[1,2,43,45–47]  

Photolabile 

Group 

Reaction Application 

example 

Wavelength 

(nm) 

Energy 

(kJ/mol) 

REF 

o-Nitrobenzyl 

derivatives 

Dissociation Drug 

uncaging 

365 328 [48] 

2-Hydroxy-4'-(2-

hydroxyethoxy)-

2-

methylpropiophe

none 

Dissociation Gold nano-

particle 

synthesis 

365 328 [49,5

0] 

Coumarin 

Derivatives 

Dimerization Hydrogel 

shrinking 

300-350 399-342 [51,5

2] 
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Nitrocinnamate 

ester 

Dimerization Hydrogel 

formation 

365 328 [53] 

Isocyanate/ 

Acrylate 

Cross-linking Wound 

sealing 

254-354 471-338 [54] 

Azobenzene Isomerizatio

n 

Perme-

ability 

change 

320 379 [55] 

Table 2.1.1: List of photolabile groups, associated reaction types, examples of 

how the reaction can be utilized and the corresponding activation requirement in 

differing units. 

Photon upconversion can be used to circumvent these limitations. In the 

upconversion process, high energy excited states, appropriate for driving 

photochemical reactions, are formed by absorption of several low energy photons.  

Since this sequential energy build-up relies on the presence of long-living excited 

states, upconversion does not require the extremely high fluence of excitation 

photons, characteristic of the more traditional two-photon excitation, ubiquitous 

in fluorescence imaging and similar techniques.   Upconversion can occur in a 

multitude of different ways as seen in figure 2.1.1. Incorporated in an inorganic 

host, a single lanthanide ion can absorb multiple photons through a sequence of 

ladder-like real states, culminating in the emission of one photon of energy higher 

than any individual exciting photon. This process is known as excited state 

absorption (ESA). However, due to the potential loss of energy to the host, this 

process is relatively inefficient.[56,57] The major improvement of this process 

can be realized in the form of co-doping. By including two types of lanthanide 
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ions into a crystal matrix, one can devise the system capable of energy transfer 

upconversion (ETU).[21,58] In this system, the sensitizer ion is selected for its 

ability to absorb the low energy excitation photon.  The activator ion is selected 

for its rich energy level structure, ensuring that the high energy required for 

activation of subsequent processes can be matched in this structure.  When looked 

at together, the various energy levels of activator ions, as seen in figure 2.1.2, can 

produce emission across a wide variety of the electromagnetic spectrum and such 

energetic states can be populated by a multitude of different energetic 

processes.[59–62]  The relative efficiencies of these upconversion mechanisms 

ETU, ESA and cooperative sensitization upconversion (CSU) are approximately 

10-3, 10-5 and 10-6 respectively.[21] The promising, and growing, ability to 

perform upconversion also exists in organic molecules, primarily in the form of 

triplet-triplet annihilation (TTA), which utilizes real triplet states of participating 

molecules.[63,64] However, the limited number of energy levels available within 

the molecules general restricts the emitting photon energy to a maximum of twice 

the fundamental.[63]  This review is concerned with upconversion mechanisms in 

inorganic nanoparticles, the type of upconverting material often considered in 

biomedical research.  We focus on UV luminescence output from these particles 

as a broad indicator of their suitability for driving photochemical reactions.   

Despite the common mechanism of upconversion, the resulting UV output in 

these particles varies greatly. Thus this review will examine how this UV output 

is controlled by preparative techniques.   A systemic overview of these techniques 
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may facilitate the development of upconverting nanoparticles with enhanced UV 

output to enable NIR-driven photochemistry and its biomedical applications.     

 

Figure 2.1.1: Illustrative representations of prominent upconversion mechanisms 

in UNPs. S is a sensitizer ion and A is an activator. 

For the purpose of this review, UNP preparative techniques for controlling 

UV output have been into three categories: host, dopants, and architecture.   A 

simplified representation of these three categories and their role in the control of 

UV emission are illustrated in figure 2.1.2.   
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Figure 2.1.2: Three categories of UNP design for manipulating UV emission: 

Host properties (left) which pertain to the physical properties and chemistry of the 

host, Dopants (right), which includes both sensitizers and activators, and 

Architecture (top) which broadly covers different surface modifications.   

In the host category, we look at the crystal composition, structure, and 

particle size. There are a plethora of hosts for trivalent lanthanides, the most 

ubiquitous of all being NaYF4.[27,62,65] This is due in part to the importance of 

its low phonon energy and phonon-assisted energy transfer’s (PAET) impact the 

rates of certain transitions.[66,67] It is also well understood that crystal structure 

plays an important role in defining the average distance between sensitizers and 

activators within a crystal.[66,68]  Size also plays a role largely in the UNP cross-
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section for absorption and the fraction of ions exposed to the particle 

surface.[27,69]  

Dopants pertain, predominately albeit not exclusively, to the lanthanide 

ions acting as sensitizers and activators in the upconversion process. Sensitizers, 

in this case, are lanthanide ions that absorb the excitation photons and then 

transfer that energy to the activator ion.[18,70] Here, energy transfer 

upconversion becomes the prominent means for upconversion.[21,71]  The 

activator ion is responsible for receiving energy from the sensitizer as well as 

emitting photons. Given the uniqueness of the required energy match between 

different manifolds in both sensitizer and activator, this process is surprisingly 

capable accruing high energy states and emitting across the electromagnetic 

spectrum utilizing different activators.[25,72–74] The common example of 

sensitizers is ytterbium and neodymium.[18,75–77] Most lanthanides can serve as 

an activator, with the prominent examples being erbium and thulium. Both the 

activator and sensitizer doping ratios have been examined critically for optimal 

upconversion efficiency.[29,62] 

The last category is broadly defined as architecture.  This category 

includes any manner of shell layering, surface engineering, and plasmon 

enhancement. Shells have been utilized in a variety of manners to improve 

luminescent yields by minimizing surface energy loss.[29,78,79] Surface 

engineering strategies started as methods to improve the colloidal stability of 

nanoparticles and reduce surface defects but have expanded into methods of 

controlling the emission of luminescence produced by upconversion.[69,74,80,81] 
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Plasmon enhancement is utilized to modify absorption or decay rates in a 

wavelength range defined by plasmon resonances of the silver or gold coating or 

antennae.[82–84] This phenomenon can be utilized to improve the UV 

luminescence of UNPs.  

It is nearly impossible to make a direct comparison between UV emission 

of different UNPs reported in different papers due to differences in UNP size, 

dispersant, architecture, excitation parameters, and emission collection method. 

Furthermore, since upconversion is a multiphoton process, with photon 

multiplicity varying from 2 to 5, the population of individual states (UV or blue) 

is entirely excitation power dependent, making it difficult to analyze the UV 

luminescence yield reported in different studies.  Where appropriate, we examine 

relative intensities of UV within a study and, in areas where relative UV data is 

insufficient, we make a conjecture about improved UV output based on overall 

luminescent improvement.   

2.2 Hosts 

Host crystal and its phase play an important role in the UV luminescent 

properties ranging from the availability of transitions to the compatibility with the 

shell materials, which may be introduced to improve efficiencies of UV 

luminescence further. There are a plethora of potential hosts for upconversion, 

with oxides, fluorides, and sulfides being the most prevalent examples.  The 

major characteristics differentiating those categories are the phonon energy of the 

host crystal, as shown in Table 2.2.1. 
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Host Cutoff Frequency 

(cm-1) 

Example Ref 

Fluorides ~350 NaYF4 [85,86] 

Vanadates ~890 YVO4 [87] 

Oxides ~500-550 Y2O3, ZrO2 [88,89] 

Oxyfluorides ~500 GdOCl [90] 

Oxysulfides ~520 Y2O2S, La2O2S [91,92] 

Table 2.2.1: List of approximate cutoff frequencies, which dictates the number of 

phonons required to dissipate an amount of energy, for different host crystals for 

upconversion. Lower cutoff frequencies require more phonons to absorb an 

amount of energy. 

Loss of energy absorbed by sensitizer to phonons can increase 

probabilities of transitions that would otherwise be improbable due to a large 

mismatch between energy levels available to sensitizer and activator ions. 

However, larger phonon energies can lead to undesirable amounts of non-

radiative energy loss, significantly reducing the overall efficiency of 

upconversion. These interactions with host phonons can increase the rate of 

certain transitions leading to high energy states but can also increase the rate of 

transitions leading to nonradiative decay. A more in-depth review of phonon level 

engineering of UNPs can by Guokui Liu.[93] Fluoride hosts are often selected for 

their particularly low phonon energy, 360 cm-1.[85,94] It is conceivable that the 
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larger phonon energy of certain oxide hosts might provide more efficient 

pathways to UV due in part a requisite intermediary depopulation improved by 

phonon-assisted energy transfer. Alternatively, the phonon-assisted energy 

transfer, given significantly higher phonon energies, may also cause increased 

depopulation leading to overall poor luminescence.[93,95]  

Although sodium with yttrium is the dominant cation pair for UNPs there 

exists plenty of alternatives such as lithium, calcium, lanthanum.[92,96–100]  

Cations play an important role as spacers within the crystals because they are 

responsible for some geometry of the crystal as well as influence local 

fields.[68,101] Trivalent cations serve as serve similar roles but are also partially 

replaced with sensitizer and activator lanthanides to turn the host into a UNP.  

The lattice spacing of a crystal may promote more nearby sensitizers and activator 

pairs, improving ETU.[58,68,102] A notable example of an alternative host 

material is strontium.[97] Strontium fluoride UNPs have shown considerable 

intensities of UV emission despite extremely small size particle and strong 

lanthanide-fluoride interaction,  previously shown to yield a poor host material 

due to associated nonradiative energy loss and peak broadening.[97,101] 

Although NaYF4 is difficult to synthesize at comparably small sizes and suffers 

from significantly decreased luminescence, the partial or complete replacement of 

yttrium with gadolinium in the host has shown similarly impressive UV emission 

at these sizes.[27,30,103] In another example, potassium ytterbium fluoride has 

been shown a unique ability to form an interesting orthorhombic crystalline 

phase.[104] Energy is isolated within orthorhombic unit cells in a manner which 
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promotes  higher energy states by minimizing loss of energy in migration 

processes.[104] 

While there exist substantially more crystal phases in which UNPs can be 

prepared, for the case of NaYF4 host the general discussion is limited to just two, 

cubic and hexagonal.[26,99,104–106] The process of refining UNPs may employ 

widely different methods for controlling the crystalline phase.[107–111] The 

crystalline phase of UNPs has generally been considered to play an important role 

in efficiently achieving higher energy states.[94,109] However, it should be noted 

that some high energy states require different intermediary steps such as cross-

relaxation or PAET and this can also vary based the sensitizer and activation 

combination, not just phase.[94,112,113] Hexagonal phase particles are touted to 

have enhanced upconversion luminescence efficiency, whereas cubic phase 

particles retain compatibility with cubic shells, which will be covered in Section 

3. There have been many synthetic methods for achieving a hexagonal 

phase.[114–116] Earlier methods included the use of varying ratios of crystal 

reagents or high heat to promote formation of the hexagonal 

phase.[103,108,109,117,118] Later studies exhaustively studied the synthesis 

heating profile and elucidated both the temporal aspects forming hexagonal phase 

from cubic particles and the effect of temperature ramp rate on the size of 

resulting particles.[110,119] Reactions that took longer to reach 300°C produced 

smaller UNPs with more uniformity in size and hexagonal phase. [110,119] While 

hexagonal is the thermodynamically stable product,  the cubic phase of NaYF4 is 

considered metastable but can be achieved synthetically with the proper reaction 



37 

 

 

conditions.[103,109,120,121] Cubic phase NaYF4 can be achieved by maintaining 

a high molar ratio of oleic acid to lanthanides or significant replacement of oleic 

acid with oleiylamine.[109,121] It is possible to achieve cubic phase by merely 

limiting reaction time, but the resultant particles will be prone to surface defect, 

low quality, and low luminescence.[109,110] Wei et al. showed that the 

hexagonal phase NaYF4:Yb,Tm UNPs produce significantly more UV than their 

cubic phase counterparts.[107] However, it is worth noting these spectra are 

normalized to a reference transition intensity rather than Tm3+ concentration or 

volume.[107] As a general rule hexagonal UNPs may produce greater 

luminescence but in some cases cubic phase may produce more UV as seen in 

figure 2.2.1. Lastly, many crystals can be annealed to improve crystal 

quality.[118,122] Depending on the host this annealing may also be performed to 

change the crystal phase of the host.[118,122] 

 

Figure 2.2.1:  Tm normalized UV emission of cubic, α, NaYF4:Yb,Tm/CaF2 and 

hexagonal ,β, NaYF4:Yb,Tm/NaYF4 in organic and aqueous dispersants spectra, 
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(A), and accompanying integrals, (B). [29] Adapted with permission from ref 29. 

Copyright 2013 John Wiley and Sons.  

Size, another characteristic of host, is associated with the efficiency of 

upconversion in these particles.[27,78] From 1 to 100  nm in diameter, a 

sigmoidal relationship with intensity per volume of UNPs is observed as seen in 

figure 2.2.2A.[27] A similar, if not identical, relationship is demonstrated for 

Tm3+ 290 nm emission as seen in figure 2.2.2B.[30] While preparative control of 

size can improve luminescence intensity, size of the nanoparticles should be  

based on application requirements. There exist many studies which dictate 

reproducible syntheses  for achieving a particular size.[66,109–111,123] While 

for many sensors, diagnostic, and inorganic purposes size of the particle may not 

be important, for biomedical applications as well as diffusion dependent 

experiments, achieving a particular size can be critically important. For example, 

most studies have shown that fluoride UNPs of any size have limited toxic effect 

to cells, but those with a hydrodynamic diameter greater than 20 nm showed slow 

excretion in urine.[124] Broadly, nanoparticles with hydrodynamic diameters 

below 8 nm have shown efficient renal clearance.[125–127] Therefore, 

improvement of UV luminescence should be sought within a clearly defined size 

range of UNPs, noting that above approximately 60 nm in diameter, gains in 

luminescence intensity per volume are marginal but overall luminescence still 

improves.[27] 
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Figure 2.2.2: Relationship between particle diameter and emission rate per 

volume (A),[27] and spectra demonstrating UV emission as it relates to particle 

diameter (B).[30] Adapted with permission from ref 27, 30. Copyright 2014 

Springer Nature, 2014 Royal Society of Chemistry. 

Finally, host and phase play an important role in the compatibility with 

surface modification. The crystal space group is critically important when 

choosing epitaxial layers. While sometimes considered lower quality, cubic phase 

particles shine in their ability to be produced at smaller sizes as well as 

compatibility with cubic phase shells.[29] A shell can further enhance 

luminescent properties by making the core impregnable to quenching species in 

the dispersant.[29,30,128,129] This protection from quenching species becomes 

more important in the case of the complex biological environments in contrast to 

the nonpolar solvents in which most experiments are carried out.  

2.3 Dopants 

The choice of activators is perhaps the most obvious way to control 

specific energy of the UV photons emitted (see Table 2.3.1). In addition, the 
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choice of how much activator to dope into the crystal has a strong effect on the 

intensity of UV luminescence.[56,130,131] It is important and worth noting the 

different ranges of UV energy levels that can be reached with different activators, 

as these energy levels define types of chemical reactions that can be activated. For 

example, thulium generally has pronounced emission from its energy levels at 

~28985 cm-1 and ~27777 cm-1, which is enough energy to break bis-arylhydrazone 

bonds but not enough to break phenacyl ester bonds.[29,107,132] Alternatively, 

gadolinium has an energy level at ~32573 cm-1, which is high enough energy to 

break either of the previously stated bonds.  

Activators Transitions Wavelength 

(nm) 

Energy 

(KJ/mol) 

References 

Tm3+ 1I6→3F4, 
1D2→3H6 345, 360 346.7, 332.3 [133,134] 

Eu3+ 5H3-7→7F0-3  315-345 380-346.7 [133,135] 

Gd3+ 6P7/2→8S7/2  310 385.9 [74,133] 

Tb3+ 5G6,
5D3→7F6

 382  313.2 [96,133] 

Ho3+ 5G4,
 5D4,

3G4→5I8,
 5F2,

 

3F2,
5G2→5I8,

 5G4→5I8 

290,357,387 412.5,335.1,

309.1 

[133,135] 

Er3+ 2P3/2→4I15/2,
4G11/2→4I

15/2  

317, 379 377.4,315.6 [133,136] 
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Nd3+ 4D3/2→4I9/2, 

4D3/2→4I11/2 

362, 387 330.5,309.1 [133,137] 

 

Table 2.3.1:  UV emitting activators for upconversion, transitions leading to UV 

luminescence and the associated luminescence in wavelength and energy. 

The UV luminescence intensity can be improved by increasing the number 

of neighboring sensitizers.[56] For example, the rate of emission from UV energy 

levels within Tm3+ is dependent on the doping ratio of  Yb3+ in this crystal, as 

seen in figure 2.3.1.[29] There are two trends to look at in figure 2.3.1. The first is 

the obvious increasing UV emission with the increasing Yb3+ doping ratio, and 

the latter is a decreasing UV emission at higher concentrations of Yb3+. The trend 

of decreasing UV luminescence is related to energy migration.[138,139] Energy 

migration is the transfer of energy through compatible ions, often sensitizers, to a 

terminal ion which loses the energy through either radiative or nonradiative 

means. The increasing Yb3+ presence saturates the neighboring positions of Tm3+. 

Additional Yb3+ ions provide only marginal improvement of secondary or tertiary 

neighboring sensitization but more importantly provide competitive pathways of 

energy migration away from activators. This observation points also to the 

importance of optimization of the Yb3+:Tm3+ ratio.[140,141] 
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Figure 2.3.1: Spectra showing UV emission as a function of ytterbium 

doping.[29] Adapted with permission from ref 29. Copyright 2013 John Wiley 

and Sons. 

Lastly, certain other types of dopants, neither sensitizer nor activator ions, 

may affect upconversion in nanoparticles by changing local ionic field 

properties.[31,142,143] Introduction of host ions with slightly larger or smaller 

radii can cause symmetry and steric changes within unit cells resulting in phase 

change or local electronic field disturbance between lanthanides and their 

host.[95,144,145] Alternatively, some dopants can act as part of the excitation 

pathway without being either the sensitizer or the activator.[31] Zhang et al. 

showed a nearly tenfold increase in UV luminescence intensity with the 

introduction of a 5% Fe3+ doping of NaYF4:Yb,Tm,Fe UNPS.[31,146] This 

improvement in UV luminescence is attributed to Fe3+-Yb3+ interaction as seen in 

figure 2.3.2.[31] Fe3+ neither absorbs the fundamental excitation nor acts to 

luminesce but has been shown to improve upconversion.[31,142] Fe3+ acts as a 
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real energy level which can allow the excitation pathway within Tm3+ to reach 

higher energy levels without having to undergo nonradiative intermediary 

processes seen on the left pathway of figure 2.3.2.[31] Sc3+ was found to play a 

similar role and could even lead to UV emission of Er3+ which is rare on its 

own.[146]  Similarly, Li+ as a partial dopant in NaYF4 UNPs has been found 

effective in improving UV luminescence intensity.[143,145] This mechanism 

differs significantly from the alternative host NaGdF4 or Gd3+ doping, where UV  

luminescence is due to the ability of Gd3+ to accept UV energy from Tm3+. In 

contrast, Li+ and K+ doping act by affecting the UNP symmetry and crystal 

field.[143,145]  
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Figure 2.3.2: Schematic representation of ETU in a traditional ytterbium and 

thulium system along with the incorporation of ytterbium-iron interaction.[31] 

Reprinted with permission from ref 31. Copyright 2017 Royal Society of 

Chemistry. 

2.4 Architecture 

The last category of UNP design, and likely most open to development, is 

architecture. Architecture includes a multitude of crystalline overlayers, plasmon 

enhancements, and chemical antennae. While dopants and hosts broadly speak to 

the energy levels and rate constants available within the UNP, surface treatments, 

like simple shell overlayers, effect rate constants external to the UNPs in which 

energy may be lost to the surface. Alternatively, surface treatments in the form of 

active shells, dye sensitizers, and plasmon resonance can redefine, and improve, 

the pathway of population for UV energy states. Many architectural or surface 

treatments that improve the compatibility of the UNPs with the local environment, 

with no focus on improved UV luminescence properties, will not be discussed 

here.   

Passive shells commonly utilize the host crystal lattice, or similar 

composition, and are void of sensitizers or activators. These shells are one of the 

most simple and effective ways to improve luminescent performance.[129,147] 

Passive shells provide an inert boundary between energetically active ions on 

surface sites of the core and the dispersant where energy can be commonly lost 

due to nonradiative decay of excited states.[29,147,148] A major cause of energy 
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loss is the Yb3+ energy migration transferring energy to the surface and that 

energy being lost in a nonradiative process. This energy loss is apparent in figure 

2.3.1 where core particles see diminished UV output above 50% Yb3+.[29] 

However, as figure 2.3.1 also demonstrates, merely adding a passive shell to the 

UNP causes Yb3+ doping to provide continuous improvement of UV 

luminescence up to complete replacement of Y3+ with Yb3+.[29,139,149] Due to 

the crystalline nature of UNPs, only certain compatible compositions will support 

the epitaxial growth of the shell. For example, while hexagonal phase 

NaYF4:Yb3+,Tm3+ UNP may display improved UV luminescence in comparison 

to cubic phase UNP of the same composition, only cubic phase UNP is 

compatible with epitaxial layer of CaF2.[29] Cubic phase NaYF4:Yb3+,Tm3+ with 

a CaF2 shell produce more intense UV than their hexagonal phase counterparts 

with a NaYF4 shell as seen in figure 2.2.1A and B. 

Active shells are frequently used for a couple different purposes. Vetrone 

et al. introduced active shells composed of NaGdF4:Yb3+ as a mechanism to 

reduce energy loss of activator to surface but included sensitizer in the shell to 

absorb more energy.[28] This created a paradigm of a certain core-shell 

architecture in which excitation energy is transferred from the active shell to the 

core by energy migration. Later formulations introduced even more complex 

energy migration pathways for exciting activators. For example, utilizing Nd3+ as 

a sensitizer, Yb3+ became an energetic bridge to make sure energy became trapped 

within the core due to the energy lost in PAET making migration between core 

and shell one directional. Another implementation of active shells uses of Gd3+ in 
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the form of a bridge ion for energy migration, as seen in figure 2.4.1A and B.[74] 

By transferring energy from the 1I6 state of Tm3+ to the 6P7/2 state of Gd3+ the 

energy can be transferred to a shell with a new activator. This mechanism can be 

utilized to target a certain emission UV wavelength in proximity to the particle 

surface. Lastly, there exists a series of core and multiple shell architecture, 

sometimes known as a sandwich structure, which has shown mixed luminescence 

enhancements.[139,150,151] Chen et al. demonstrated a passive core, active shell, 

passive shell architecture which improves UV luminescence by confining the 

ability of energy to migrate within the UNP evidenced by a substantial 

enhancement of UV radiative decay from the 1I6 state as seen in figure 2.4.1C and 

D.[139]  
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Figure 2.4.1: Schematic representation of energy migration (A), demonstration of 

energy transfer tuning of UV Emission between thulium and gadolinium (B).[74] 

Schematic representation of energy confine by core-shell-shell architecture (C) 

and the relationship between confinement and UV production (D).[139] Adapted 

with permission from ref 74, 139. Copyright 2011 Springer Naure, 2016 Springer 

Nature. 

Plasmon resonance is frequently explored for a wide range of modification 

of material and spectroscopic properties.[152–155] Plasmon resonance, tuned to a 

specific wavelength, can enhance Raman scattering or fluorescence.[156,157] 

There are three distinct manners in which plasmon resonance that can be applied 

to a UNP although there are many variations within them as seen in figure 

2.4.2A.[82,83,158] The first, and arguably most straightforward, approach, is gold 

or silver coating the UNPs. This can be done in a relatively facile manner by 

means of ligand exchange on the UNPs followed by a reduction of ionic 

gold.[82,84] Usually coating methods use a silica shell spacer. Jiang et al. utilized 

gold coating of UNPs for plasmon resonance and saw 3- to 76-fold enhancement 

of UV emission intensities.[84]  The second option employs a plasmon resonant 

antennae.[158,159] This can include a multitude of nano-sized structures 

including rods or wires, all of which induce local plasmon resonance. The last 

method involves deposition of UNPs on a plasmon resonant plane. El Halawany 

et al. found enhancement factors in excess of 100 for UV emissions using a 

variety of cavity designs and plasmon surfaces as seen in figure 2.4.2D.[83] 

Surfaces which were tuned to Yb3+ would appear to be less effective at promoting 
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UV enhancements based on their relatively low improvement of Er3+ 

emission.[83,160,161] This approach has interesting applications for sensor 

development. All of these methods employ some mechanisms for tuning the 

spacer length for precise control of resonant enhancement of luminescence of 

UNPs. On the other hand, the explicit relation between the plasmon resonance 

wavelengths and observed enhancement of any particular emission line in UNP 

remains unclear.[83,161] Energy transitions within UNPs occur at a multitude of 

wavenumbers across the visible range thus it seems conceivable that many of 

these transitions could improve excitation dynamics as can be seen between the 

unclear relationship of the plasmon resonance in figure 2.4.2B and its effects in 

2.4.2C. 

 

Figure 2.4.2A: Upconversion enhancement based on assembly of the 

upconverting material and plasmon material (A).[161] Spectra showing plasmon 

resonance (B) and accompanying enhancement rates (C).[84] Enhancement of UV 

emissions based geometry of plasmon material (D).[83] Adapted with permission 
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from ref 161, 84, 83. Copyright 2014 American Chemical Society, 2012 Elsevier, 

2016 Optical Society Publishing.  

Lastly, surface treatment of UNPs in the form of dye conjugation has led 

to improved luminescence by means of altering electronic excitation of the 

upconversion process. Dye sensitization is accomplished by the conjugation of 

organic dyes to the surface of UNP for the transfer of energy from the excited dye 

either directly or through a bridge ion to the activator. Dye sensitization around 

800 nm, IR 808 or IR 806, utilizing Nd3+ or Yb3+ as a bridge and sensitizer ion is 

a current method for getting around the high absorption by water of 980nm 

excitation.[81,162,163] Shao et al. demonstrated NaYF4:Yb3+,Er3+ core, 

NaYF4:Yb3+,Nd3+ shell UNPs show upconversion enhancement factors up to 28-

fold for IR 806 dye-sensitized samples, compared to its counterpart with no dye 

sensitization, when excited at 808 nm. [162] Chen et al. claim 25 fold 

improvement in 360 nm emission of Tm3+ by means of equivalently powered 

excitation comparing their dye-sensitized, 800 nm excited NaYbF4:Tm3+ (0.5%) 

core NaYF4:Nd3+ (30%) shell UNPs to NaYF4:Yb3+,Tm3+ (30% Yb3+, 0.5% Tm3+) 

core NaYF4 shell UNPs excited with 980 nm.[163] It is worth noting that 

significant enhancements of luminescence in this architecture are derived from 

replacement of Y3+ with Yb3+ as discussed in Section 2.3 (see figure 2.3.1), and 

some improvements may also come from the larger size of the dye-sensitized 

UNPs  used in this particular example, as described in Section 2.2 (see figure 

2.2.2).   
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2.5 Conclusion 

One must recognize potentially conflicting facets in the design of UNP 

architecture, which affect the ability to produce UV. As Shen et al. describe, 

hexagonal particles have better UV luminescence than their cubic counterparts but 

are incompatible with a calcium fluoride shell.[29] For example, if the purpose of 

UNP is to provide source of UV radiation in a local area, a highly efficient cubic 

UNP with a calcium fluoride shell may be preferable However, where  the 

purpose of the UNP is to obtain a UV energy donor for  Forster energy transfers 

(FRET) process, the added calcium fluoride shell may diminish efficiency of the 

short-range process and it would be advantageous to have a hexagonal UNP 

without such a shell. In a similar manner, the addition of a passive shell may 

diminish the potential of UNPs for applications utilizing a dye sensitization for 

improving absorption cross-section, due to increased distance between donor and 

acceptor.[81]  The dye sensitization may also preclude certain methods of making 

UNPs water-dispersible through ligand exchange. Some host lattices may only 

exist in certain crystal phases rendering them incompatible with some shell 

architectures of different compositions. It is imperative that one determines those 

characteristics of their UNPs that are important, and work within the available 

parameters, avoiding conflict, to optimize UV activity.  

By careful design and assembly, given a specific need, one can tune the 

UV energy levels within UNPs for a multitude of applications that span across the 

chemical, biomedical, material sciences.  Conceivably, UNP-activated 

photochemistry may help address several important medical needs. In the search 
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for better methods of drug delivery, a particularly small and well-defined 

strontium fluoride-based UNP, tri-doped with ytterbium, thulium, and iron, helps 

realize the vision of ultra-small UNPs with strong capability for UV photoactivity. 

On the other end of the spectrum, larger UNPs with gadolinium activated shells 

may present useful properties in protein sensing, such as required for diagnostic 

applications. UNPs present a novel tool with increasing maturity and potential in 

photochemistry, with clinical relevancy.[22,24,33,81,164,165] 

  



52 

 

 

 

3. SYNTHESIS AND CHARACTERIZATION OF UPCONVERSION 

NANOPARTICLES 

3.1 Introduction 

Rudimentary UNPs showed limited luminescence but the variety of 

lanthanides covered a wide potential for color tuning. With significant 

improvements in synthetic method UNPs found increasing luminescent and 

crystal quality. Major improvements came through the means of improving host 

quality in the forms of new architecture and crystal phases.[128] Along with the 

improvements came higher energy luminescence due to the improved ability to 

retain energy and coordinate distances between ions.  

Initial development resulted in the development of different synthetic 

methods including precipitation, solvothermal and microwave assisted synthesis 

as well as all of the thermolytic means.[99,115,166] There is significant confusion 

about the merit and reproducibility of each method based on the requisite 

equipment and capacity for human error.[167] Beside the human error, different 

methods suggest methods for achieving different sizes and phases at by different 

means. The resulting products could be dependent on solubility of reagents in the 

reaction volume or whether the resulting phase is thermodynamically or 

kinetically stable. Eventually, based on general academic consensus the canonical 

UNP was determined to be NaYF4:Yb,Er or NaYF4:Yb,Tm with doping rates of 
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68:30:2 or 69.5:30:0.5 respectively. These compositions were often lauded as the 

most spectral pure or most intensely luminescent.   

Throughout the bulk of the work performed in this dissertation the primary 

modes of synthesis were thermolytic decomposition and Ostwald ripening. 

Thermolytic decomposition is recognized as optimal for producing particles both 

high in quality and small in diameter. Because it utilizes trifluoroacetate, a lot of 

harmful byproducts are given off by the reaction. Ostwald ripening has similar 

quality of resulting nanoparticles without the use of trifluoroacetate. However, 

because of the seeding and mixing process it takes a significantly longer than the 

other processes. There are, however, a number of viable alternative methods of 

synthesis including solvothermal and Ostwald ripening reactions. There are 

particular advantages and drawbacks of the alternative methods. Precipitation 

synthesis is often heralded for its quickness and simplicity. The major drawback 

is the lack of size and phase control. Generally, these particles are hundreds to 

thousands of nanometers in diameter. Solvothermal synthesis has the advantage of 

being water dispersible on synthesis and generally do not require high 

temperatures (<200C). The major drawbacks are the quality of crystals formed 

and the moderate diameter in the tens to hundreds of nanometers.   

The three types of reactions were modified for use in our particular lab 

setting: thermolytic decomposition, Ostwald ripening and solvothermal.  The 

main reaction type, thermolytic decomposition, involved the use of lanthanide 

trifluoroacetates in oleic acid and 1-octadecene. Time between degassing and 

reaction temperature has been associated with an inverse correlation to particle 
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size.[168] This, however, these findings contradict other reports which suggest 

rapid heating.[169] Depending on the experimental needs, certain reaction types 

prove more useful than others and thus the three previously mentioned types were 

utilized over the course of these works.  

3.2 Synthetic Methods 

 The first synthetic method that will be discussed is the solvothermal 

method, sometimes called the hydrothermal method. This method proved to be 

fairly useful, not because of the crystals produced, but rather speed and ease with 

which it can be performed. This method allowed for multiple syntheses per day, 

an important quality since the lead up and work down times other methods are 

significant. If the goal of syntheses is to test spectral trends in new lanthanide 

compositions, this a good method if you don’t own robotic setup which perform 

multiple parallel high throughput syntheses.  

 For a normal solvothermal synthesis a two-step procedure was performed. 

The first step is charging a standard round bottom flask lanthanide nitrates, 

ethanol, deionized water, sodium oxalate and sodium fluoride. After mixing at 

55C for 2 hours, a third of the reaction volume was sealed in a Teflon cup of a 

bomb reaction vessel and autoclaved for two hours. Normal centrifugation and 

washing were performed. A schematic representation can be found in figure 3.2.1. 
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Figure 3.2.1: Schematic representation of a typical solvothermal synthesis of 

water dispersible UNPs. 

 The second synthesis that was employed for general learning and UNP 

testing was thermolytic decomposition. Thermolytic decomposition gets its name 

from the decomposition of reagents due to heat. In this case sodium 

trifluoroacetate decomposes rapidly at high temperatures, around 200°C to 

provide the sodium and fluoride ions for the crystal formation.  

This reaction was performed in a typical three neck round bottom flask 

with a reflux column, gas exchange and temperature neck. The reaction vessel is 

charged with lyophilized lanthanide trifluoroacetate, oleic acid, 1-octadecene and 

sodium trifluoroacetate.  A representative schematic can be found in figure 3.2.2. 

Heating was provided by a heating mantle at first. The general problem with 

heating is the ability to provide even and ample heating to a sizable volume. To 

overcome this a few different methods for heating were considered.  
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Figure 3.2.2: Schematic representation of a typical thermolytic decomposition 

synthesis of  UNPs. 

The obvious choice was the use of an oil bath. An oil bath provides a 

simple method to get a considerable mass heated to a specific temperature. There 

is a sizable drawback of an oil bath is a temperature gradient based on the setup of 

the heating element. The gradient develops both based on the sheer volume of oil 

present as well as whether the heating element is in contact with a single plane or 

wraps around the bath. Another drawback is the oil itself. Because the desired 

temperature is generally close to 300°C it is easy for the oil to overheat, unless 

very well calibrated or slow.  In the process of reaching the desired temperature 

overheating may cause the reaction volume to boil, denature, or just be overly 
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volatile and escape to the reflux column. For low mass and volume reactions oil 

baths may serve as an adequate heat source.  

Another option was eutectic salts. The salts provide a very large thermal 

mass and the ability to maintain high temperatures. However, they also require a 

considerable amount of energy to be heated and would severally slow down the 

process of the reaction. Overall, the concerns about storage and use made an 

unappealing alternative. 

In the end we decided to use a fluidized sand bath. Fluidized sand baths 

have all the general advantages of a high thermal mass, even heating distribution 

system with minimal gradients. The major drawback of a fluidized sand bath is 

the requirement of an inert gas flow and large size. The bulkiness of the sand bath 

can be difficult to handle. Despite that, a successful transition from a heating 

mantle a 100C to a sand bath at 300C resulted in a ramp rate of roughly 40C/min 

compared to the standard 15-20C/min.  

The last synthetic method used in these works is the Ostwald ripening 

method. A normal Ostwald ripening synthesis is similar to the setup for a 

thermolytic decomposition with the caveat that lanthanide acetates, oleic acid and 

1-octadecene are the only things charged into the reaction vessel. After the first 

heating phase and cooling, a methanol suspension of sodium hydroxide and 

ammonium fluoride is added. The mixture is allowed to react to stir and react for 

30 minutes to form precursor seeds before distilling the methanol and then heating 
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like the thermolytic decomposition with an identical work down. A schematic 

representation of this method is presented in figure 3.2.3. 

 

Figure 3.2.3: Schematic representation of a typical Ostwald ripening synthesis of  

UNPs. 

Lastly, particles which are synthesized in either the Ostwald ripening or 

thermolytic decomposition method end up capped in oleic acid and thus are 

hydrophobic in nature. To utilize the hydrophobic UNPs in a biological setting 

these particles were treated with amphiphilic lipid compositions to ensure good 

suspension in water. Lipid coating was performed by drying the particles. Lipids 

made into the 89:10:1 mixture of DPPC, DSPE(carboxy)PEG-1K, and 

DSPE(methoxy)-2K respectively in chloroform. Lipids were added in a 1:10 mass 

ratio to UNPs, sonicated then dried. The dried UNPs and lipid mixture was 

resuspended in PBS forming a spontaneous lipid coating. 

3.3 Characterization of UNPS 

Standard luminescence measurements were made in a standard 1 cm path-

length quartz cuvette were placed into a Fluorolog (Horiba Y-J, Edison, New 

Jersey, USA). The excitation light is provided perpendicular to the collection 
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through the side port of the sample compartment by an ILX Lightwave (Newport, 

Bozeman, MT, USA) with a 2 W 980 nm diode. Using a fixed duty cycle and 

current the sample is excited with a range of pulse widths, from 10 µs to 2 ms. 

Spectra were collected with a 5 nm width on the monochromators, double pass 

collection, and 3-second integration from 300 nm to 900 nm.  

Lifetimes were captured from the same sample by placing it in a mount 

and exciting with a 980 nm, 20 Hz repetition rate, 3 ns pulse width beam from an 

OPO tuned Nd:YaG (Ekspla, Vilnius, Lithuania). Emission was captured by a 

photon counting avalanche diode (PerkinElmer, Vaudreuil, Quebec, Canada) and 

counted using a multi-channel scaler (Picoquant, Berlin, Germany).  Particle 

sizing was performed by loading 1 mL of dispersed UNPs into a quartz cuvette 

and then running the sample through dynamic light scattering on the ZS-90 

Zetasizer (Malvern, Worcestershire, United Kingdom).  

Particles were also characterized using SEM, TEM, and XRD. To prepare 

for TEM and SEM, UNPs were dispersed in chloroform then added dropwise to 

copper 300 mesh grids (Electron Microscopy Sciences, Hatfield, PA, USA) as the 

dispersant evaporated. Similar preparation was done for XRD utilizing a glass 

substrate rather than copper grid. Sample measurements for XRD, TEM and SEM 

were performed by technicians at core facilities.  
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4. APPLICATIONS OF UNPS 

4.1 Imaging with UNPs 

 Bioimaging plays a critical role in the elucidation of biological processes, 

drug development, even surgical processes.[170–172] While physiological 

processes often occur at sizes large enough to observe, fundamental cellular and 

tissue behavior can often be difficult to visual in a nonquantitative manner. 

Techniques like PCR, gel electrophoresis, and chromatography, and western blots 

provide invaluable data about the inner workings of cells and tissue. However, 

sometimes observing a process is necessary. In tissue and physiological studies 

sometimes transillumination microscopy can often be enough to visual changes in 

tissue morphology. However cellular or intracellular processes often are not able 

to be captured without the aid of luminescent probes. Since the development of 

probes for cellular staining, constant advancements have been made to improve 

and expand the repertoire of bioimaging. One of the large problems facing 

bioimaging in general is noise. Whether the noise is a function of the image 

capture system or endogenous to the sample it remains a constant problem.  

Two photon absorption (or excitation) imaging provided an interesting and 

important mechanism for studying intravital processes along with the more 

traditional microscopy of confocal and spinning disk. Confocal and spinning disk 

imaging are both pinhole mechanisms for preserving optical sectioning while 

doing three-dimension imaging. However, because both techniques use traditional 

luminescence mechanisms they are subject to substantial noise from endogenous 
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fluorophores, photobleaching and phototoxicity, albeit spinning disk suffers less 

from these effects. TPA microscopy only slightly improves the depth of 

penetration for imaging. The major importance comes from the mechanism of 

excitation requiring extremely high light intensity which can only be achieved at 

the focal point, unlike confocal methods which illuminate the entire pathlength 

through the sample. This means that all light collected during the scan time for 

each pixel is subject to emission localized to the focal point. Also the laser 

excitation is tuned to the specific fluorophore or away from it depending on the 

type of signal that one is trying to capture, TPA or SHG, such that the signals can 

be isolated. Commonly other methods just use UV excitation because it will cause 

luminescence in most probes which is captured by wavelength ranges and 

assumed to be from a specific fluorophore. TPA microscopy generally uses a 

specifically laser for monitoring a specific dye or a tunable laser.  

We utilized a tunable TPA microscope to test the compatibility of UNPs to 

see if they would work well with existing systems and in the process characterize 

the optical properties of said UNPs. UNPs do require a fairly high intensity of 

light, about half that required for observing TPA or SHG events. There is an 

obvious conflict here, because the UNPs don’t require the high power reached at 

the focal point, they will illuminate at increasing distances as the excitation power 

is increased. However, photon upconversion does not have linear relationship 

between the log of excitation power and log of emission intensity so increasing 

power does not necessarily lead to a linear increase to the volume in particles 

receive adequate excitation. Figure 4.1.1 demonstrates that the particles reach 
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saturation points and decrease in photon multiplicity to reach higher energy states 

at high power density of excitation. To understand this effect a series of 

photographs were taken of a cuvette with lipid coated UNPs in PBS at different 

excitation power densities. This can be seen in figure 4.1.2.  
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Figure 4.1.1: Plots of log excitation power versus log emission intensity at lower 

(top) and higher (bottom) excitation powers. Corresponding coefficient for linear 

portions provided to the right of legend. 

For the experiments the UNPs were lipid coated as described in the methods in 

section 3.2. Lipid coated particles were dispersed in 1x PBS into a quartz cuvette.  

was performed using MaiTai laser running 1.018W of 980nm through a ThorLab 

half wave plate, Glan laser polarizer, reflected 90 degrees off a mirror into an 

Olympus Plan N 10x/0.25 objective focused in a quartz cuvette. Images taken by 

a fixed Nikon D5200. For each image the half wave plate was adjusted to modify 

the power reaching the objective. Power measurements were taken using a 

Newport 818P-001-12 pyroelectric power sensor through a Newport 1918C 

meter. For later calculations, objective power transmission found to be 59.6% at 

980 nm prior to image collection. Images were collected with an ISO of 200 and 

an exposure of 1 second. The resulting images are presented in figure 4.1.2. 

 

Figure 4.1.2:  Photographs of a quartz cuvette of lipid coated UNPs in PBS being 

excited at varying excitation power densities. 
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While the previous experiments in a cuvette gave some qualitative 

observations on the problems posed by imaging UNPs with a femtosecond laser it 

was still important to attempt imaging of the particles to fully understand. Thus it 

seemed necessary to test the compatibility of the TPA microscope with UNPs. To 

do so, particles were dispersed on a glass slide at extremely low concentrations 

such that individual particles could be observed.  Three dimensional imaging of 

an individual particle aggregate was performed as an ultimate determination of 

the resolving capabilities relative to excitation power density. Using a Coherent 

MRV X1 Ti-Saph laser at 980nm the power density was measured on a Newport 

841 power meter at the variable % powers provided in the laser software. The 475 

nm line was measured using a 465/30  nmbandpass filter and 802 nm line was 

measured by elimination with a 950 nm short-pass and 675 nm long-pass. This 

wide bandwidth is associated with the increased noise experienced by the 802 nm 

channel.  Once the filters were installed into the PMT setup the microscope was 

equipped with a 20x/0.9 water objective and the sample was scanned for particle 

clusters. After finding corregistering signal on both the near infrared and blue 

channels 28 micron deep scans were performed on a 100 by 100 µm field of view 

for power densities between 0.1% to 60% maximum power. Orthogonal slices as 

seen in Figure 4.1.3. 
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Figure 4.1.3: Orthogonal slices of particle aggregate in each stack the at its 

corresponding power density 

Although it may seem visually obvious from Figure 4.13 that increasing 

the power density of excitation decreases the resolving capabilities of UNPs the 

quantitative equivalent still must be extracted. To do this each orthogonal image 

had a line measured through its brightest point vertically. ImageJ plotted the pixel 

intensity along this line which gave a rough histogram. Finally, after normalizing 

each distribution the data was replotted and used to calculate the width at half 

max. This led to the values plotted in Figure 4.1.4 for both the 802 nm and 475 

nm emissions. 
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Figure 4.1.4: Plot of each channels axial FWHM corresponding to the excitation 

power density. 

We introduced some positive aspects of UNPs, characterized the 

relationship, and concluded an optimal range of excitation power density below 

250 kW/cm2 as seen in figure 4.1.4. However, there are several regards to this 

process which are overlooked. The long lifetimes associated with UNPs for 

example, which in prior research, can be overcome in two-photon microscopy by 

Richardson-Lucy deconvolution.[173] Another topic is the reason for the inverted 

relationship between excitation power and axial resolution. It is conceivable, 

although not evidenced within the current data, that this relationship stems from 
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the transition from energy transfer upconversion to excited state absorption when 

the intermediate quantum state becomes saturated, effectively never reaching 

ground state. To confirm that mechanism similar measurements, in much greater 

span below 500 kW/cm2 must be made to detail the transition point at the 

intermediate state luminescence channel shifts from an exponential to a more 

linear trend with regards to increasing power density. In the future we hope to use 

this information to guide laser activated photochemical reactions using UNPs.  

 

4.2 Excitation Modulation of Upconversion Nanoparticles for Switch-Like 

Control of Ultraviolet Luminescence 

 The following is copy of my work by the same name published in the 

Journal of the American Chemical Society on April 17, 2018. Copyright 2018 

American Chemical Society. 

Through the use of 980 nm excitation pulse-width modulation in 

NaYF4:Yb3+,Tm3+ upconversion nanoparticles (UNPs), the ability to control 

ultraviolet (UV) luminescence intensity in a switch-like manner is demonstrated. 

Varying the ytterbium doping resulted in a single order of magnitude 

improvement of UV luminescence intensity. The excitation pulse-width 

modulation technique applied to these optimized UNPs enables three order of 

magnitude control over UV luminescence intensity while maintaining NIR 

luminescence emission at 800 nm. Controlled in the switch–like manner, these 

UNPs can transfer their UV energy to 9,10-diphenylanthracene (DPA). 
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Independent control of NIR luminescence and UV energy transfer through NIR 

excitation modulation may find applications in the development of 

multifunctional theranostic systems. 

Excited states generated in the energy upconversion process in certain 

nanoparticles may enable a range of biomedical applications.  For example, 

upconversion to visible or near infrared (NIR) wavelengths can support optical 

imaging modalities that are relatively free of autofluorescence, whereas 

upconversion to ultraviolet (UV) offers the potential to activate photochemical 

processes in a manner that does not require direct UV irradiation.[174,175] 

Recent literature shows the use of thulium-generated UV luminescence in UNPs 

as an activator of drug release in conjugated systems.[176–178] However, these 

experiments are generally limited to imaging and payload release at the same 

time.[22,178,179] If both functions can be achieved independently in the same 

nanoparticle, it may lead to the realization of a true theranostic agent, an agent 

capable of performing diagnostic and therapeutic functions as selected by the 

user.  Here, we describe a mechanism by which specific upconversion pathways 

and associated functions can be independently activated. We describe preparative 

and post-preparative controls of upconversion. Through the use of a novel 

excitation modulation scheme, we demonstrate a control of upconversion 

pathways, so NIR to UV upconversion can be turned on and off while maintaining 

NIR to NIR upconversion.   

As referred to in this text, upconversion is the excitation process in which 

real states are sequentially populated by lower energy photons leading to the 
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eventual emission of a higher energy photon. Upconversion can occur in singular 

atoms, crystals, or molecules by a multitude of mechanisms.[57,63,116] The 

ability to generate ultraviolet light from NIR excitation in upconversion 

nanoparticles may enable a NIR activation of photochemical processes 

traditionally requiring UV radiation.  NIR to UV upconversion may, therefore, 

enhance medical applications of UV cured polymers or photolytic drug release in 

live tissues where direct UV irradiation is not desirable.[1] It also adds the ability 

to activate said photochemical processes at greater depths where penetration of 

shorter wavelength light is hampered by high scattering or absorption 

events.[180]  In addition, the ability to maintain NIR emission independent of 

photochemistry activation enables monitoring of the distribution of these 

upconversion nanoparticles (UNPs) to support various diagnostic applications or 

image-guided modalities in interventional medicine. 
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Figure 4.2.1. Energy levels available in UNP showing transitions within Tm3+ 

with relative intensities of luminescence emission as designated by the widths of 

associated arrows between states.  

We prepared NaYF4:Yb3+,Tm3+ nanoparticles with 0.5% thulium. We 

selected thulium for its many states whose radiative decay span the UV and NIR 

spectrum as seen in figure 4.2.1.  Nanoparticles were synthesized using two 

different methods. The first method was a hydrothermal synthesis based in water 

and ethanol which produces ethanol capped particles for facile UNP 

dispersal[115]. This method was chosen for its simplicity, facilitating rapid 

examination of different ytterbium doping schemes. For the second set of UNPs 

we selected a thermolytic synthesis, chosen for the high quality of resulting 

UNPs.[95,167] 

 

Figure 4.2.2: (a) Luminescence intensity decays of the three main emission 

regions of UNPs. (b) The UNP size distribution histogram using dynamic light 

scattering. (c) XRD spectrum of UNPs and the refer-ence hexagonal NaYF4 (00-

016-0334). (d) A 105,000x TEM image of the UNPs. 

These nanoparticles are NaYF4:Yb3+,Tm3+ with ytterbium and thulium 

doping concentrations of 30% and 0.5% respectively. Thulium-doped NaYF4 
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nanoparticles, given reasonable size, absence of defects, and an optimally doped 

crystal, can produce UV emitting states from NIR excitation through four and five 

photon processes.[30] At a diameter of roughly 36 nm as seen in Figure 4.2.2b,d, 

and upon 980 nm, 10 ms pulse width laser excitation, the thermolytic-synthesized 

nanoparticles produced UV emission from both the 1I6 and 1D2 states, at 350 and 

365 nm respectively. 

These nanoparticles also produce emission from 1D2, 
1G4 and 3H4 states, at 

460, 475 and 800 nm, as shown in Figure 4.2.1, together representing the most 

intense and recognizable emission lines in thulium. With some of the emission 

lines challenging to resolve, we broadly categorize emissive lines of thulium as 

the UV (350, 365 nm), blue (460, 475 nm) and NIR (800 nm) luminescence. 

Excited state lifetimes associated with the UV, blue and NIR luminescence are 

0.5578, 0.6952, and 1.4262 ms respectively (Figure 4.2.2a). It’s important to note 

that crystal phase, particle size, surface and dispersant play critical roles in 

emission properties as well as lifetimes of emitting states.[93,104,123,138] 

NaYF4:Yb3+,Tm3+ UNPs are dependent on two forms of upconversion: 

energy transfer upconversion (ETU) and excited state absorption (ESA).[181] 

ESA is consecutive excitation of real states within an atom, in this case thulium, 

leading to a higher energy state than that which would be associated with any 

particular excitation wavelength. ETU is the transfer of energy from a sensitizer, 

ytterbium, to the activator atom, thulium, to produce a higher energy state within 

the activator. In theory, ETU is two orders of magnitude more effective than 

ESA.[57] Increased ytterbium doping should promote upconversion to higher 
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energy states based on enhanced ETU due to the ability of ytterbium to transfer 

energy to thulium and the increased number of sensitizer atoms in proximity.[182] 

At higher doping rates of ytterbium, the phenomenon of cross-relaxation energy 

migration occurs with higher prevalence.[28] The corollary is also evidenced as 

NaYbF4:Tm3+ UNP preparations produce significantly stronger luminescence 

when 40% of the Yb3+ lattice is replaced with Y3+.[183] For this reason, a series 

of hydrothermal syntheses were performed with an incremental increase of 

ytterbium doping ratio, from 0 to 99.5%. Optimization of the ytterbium doping 

ratio served as a preparative control of luminescence intensity of these UNPs.[29] 

The UV luminescence output of NaYF4:Yb3+,Tm3+ particles depend 

nonlinearly on the doping of ytterbium (Figure 4.2.3). Initially, UV luminescence 

intensity increases with an increased doping of ytterbium, likely as added 

ytterbium cooperates in energy transfer upconversion to improve luminescence 

yield. However, as the crystal saturates with ytterbium, substantial loss of 

luminescence occurs, likely due to increased contributions of energy migration 

through ytterbium toward surface sites, dissipating energy from the 

system.[28,138] Figure 4.2.3 shows approximately a single order of magnitude 

range of the preparative control of UV luminescence intensity.  

Upconversion, due to the many states and rates involved, is highly 

dependent on the excitation method.[71,72,184,185] Thus, excitation modulation 

presents itself as a formidable post-preparative control of luminescence. In 

particular, we focus on the excitation pulse-width sensitivity of UNP 

luminescence, which reflects the complexity of the relative rates of processes 
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populating excited states by energy transfer. Ability to manipulate luminescence 

of UNPs using excitation modulation is a phenomenon we previously observed in 

the visible luminescence of erbium from the 3S3/2 and 4F9/2 states wherein the 

frequency of excitation pulses controlled depopulation pathways.[185] High 

frequency, 100 kHz, 980 nm excitation pulses produced a higher red 

luminescence over green whereas lower frequency, 100 Hz, excitation pulses 

corresponded with a greater ratio of green luminescence to red.[185] These 

findings were later reaffirmed with the addition of a pulse width modulation 

scheme to produce similar results as frequency-based modulation.[72,184] Here 

we advance these techniques with a different activator, thulium, in an attempt to 

provide independent control of UV and NIR luminescence. 
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Figure 4.2.3.  Luminescence intensities of 0.5% thulium-doped upconversion 

nanoparticles upon 2 ms pulse 980 nm excitation as a function of ytterbium 

doping. 

We investigated NIR and UV luminescence from these UNPs under 

conditions of pulsed 980 nm excitation, with the pulse width varied from 10 to 
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2000 µs.  The duty cycle was kept constant, so the average power of 142 mW/cm2 

delivered by excitation was the same for any of the pulse widths tested. The UV 

and NIR emission intensities have vastly different responses to changes in the 

pulse width (Figure 4.2.4). NIR emission intensity decreases relatively little, 

approximately 50%, with the pulse width changing from the longest to the 

shortest. In stark juxtaposition, UV luminescence intensity falls off three orders of 

magnitude when changing excitation regimen from a long pulse width to a short 

one. The highly nonlinear luminescence response to pulse width enables control 

of UV luminescence intensity in the manner resembling that of a binary switch 

while retaining intensity NIR luminescence of UNP. The same experiments were 

performed with lipid coated UNPs in PBS and demonstrated the same, albeit less 

pronounced, behavior.[173,186] Luminescence properties are in part dictated by 

both the surface and dispersant and as such it’s unsurprising that the decrease in 

overall luminescent following lipid coating and as such, a less intense loss of UV 

signal.[93]   
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Figure 4.2.4 Emission intensity of thermolytic decomposition synthesized 

NaYF4:Yb3+,Tm3+ (30% Yb3+, 0.5% Tm3+) UNPs by region dependent on pulse 

width of 980 nm excitation. 

We then investigated whether the energy of the excited UV states of UNP 

generated by the long excitation pulses is available to an energy acceptor 

introduced to the system.  This energy acceptor can represent a photochemical 

substrate of interest, participating in photolysis or polymerization.  In our 

demonstration, we selected 9,10-diphenylanthracene (DPA), a fluorescent probe 

with excitation at 372 nm and emission at 402 nm.  DPA can participate in energy 

transfer.[187] In cases of triplet-triplet annihilation, where platinum 

octaethylporphyrin absorbs photons and acts as an energy donor DPA is used as 

energy transfer acceptor to subsequently produce luminescence.[63]  Because of 

the long lifetime of the excited states of UNP, the energy transfer may occur 

through collisions of free nanoparticles and DPA, taking place within the lifetime 

of the excited state.  The diffusion-controlled bimolecular collision rate constant 

k0 can be calculated from the Smoluchowski equation (1), with the diffusion 

coefficients obtained from the Stokes-Einstein equation (2) 

𝑘0  =  
4𝜋𝑁

1000
(𝑅𝑓 + 𝑅𝑞)(𝐷𝑓 + 𝐷𝑞)  

𝐷 = 𝑘𝑇/6𝜋𝜂𝑅 

where k is the Boltzmann constant, T, the temperature is a fixed 296 K, η is 

medium viscosity, and R is the radius. In this approximation, the collisional rate 

constant k0 = 6.8×105 s-1 is much greater than the apparent rate of the UV 
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luminescence decay, 2×103 s-1 (Figure 4.2.2a).  Therefore, we expect that energy 

transfer may occur between free UNP and DPA, even though the energy donor 

and acceptor are not covalently bound. 

Indeed, in the system comprising UNP and DPA, upon excitation by long 

pulses (pulse width of 2 ms) at 980 nm, we observed a new emission band at 402 

nm with concomitant loss of UNP luminescence intensity at 360 nm (Figure 

4.2.5a).  We attribute the 402 nm emission band to fluorescence from DPA 

excited by the energy transfer from the 1D2 state in UNP.  In comparison, using 

short pulses (pulse width of 10 µs) at 980 nm, we observed no transfer of UV 

energies (Figure 4.2.5b).  Both excitation pulse regimens, short and long, retained 

the characteristic UNP NIR emission at 800 nm, with no noticeable change of 

intensities upon energy transfer to DPA (Figure 4.2.5a, b). 

In this work, we observed that longer or shorter pulse widths preferentially 

populate higher or lower energy states, respectively. Short pulse-width excitation 

of 10 µs produces nearly undetectable UV, while 2 ms pulse width produces UV 

intensity comparable to that of NIR emission. Over these pulse-widths NIR 

intensity remains fairly insensitive to the change. The examples in Figures 4.2.4 

and 4.2.5 clearly demonstrate that one can turn on and off the UV emission via 

modulation of the excitation pulse. Moreover, presented results demonstrate the 

possibility of selectively turning on and off UV-activated processes while 

maintaining NIR luminescence of UNP.  In the biomedical field, this possibility 

points to unique applications that may combine imaging and on-demand 
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photochemistry, more broadly categorized as diagnostic and therapeutic 

modalities, in one functional nanoparticle.  

 

Figure 4.2.5: Luminescence intensity spectra of UNPs as well as UNPs with DPA 

in suspension at (a) longer (2 ms) and (b) shorter (10 µs) excitation pulse widths.   

While originally UNPs were recognized primarily for their benefits in 

biological imaging, their newer applications include various forms of conjugated 

therapeutic agents.[22,80,116,176,188,189] The binary response to excitation 

pulse width described here positions these particles as a potential theranostic 

platform, with independently accessible diagnostic and therapeutic modalities as 

indicated in Figure 4.2.6. It bares acknowledgment that UNP systems which rely 

on photothermal effects for therapeutic effect would be able to achieve similar 
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independence of therapy and imaging by restriction or spacing of excitation 

dosage rather than any specific control of the excitation pulse width or 

frequency.[189]  The capabilities of pulse width modulation-based control are not 

limited to therapeutics or even biomedical conditions. The crux of this work is 

centered on broad control of UV radiation to eliminate or minimize unnecessary 

UV exposure. Enhancing the switch-like control of UV luminescence or 

photochemistry, may depend on the synthetic method used for the preparation of 

the particles as well as the optimization of ytterbium. Experimentally observed 

radiative processes represent a convolution of several, some competing, 

processes, each with its own rate constant.  A complete understanding of radiative 

as well as non-radiative rate constants in UNPs, while experimentally challenging, 

may enable various manipulation of energy pathways in support of specialized 

applications. 

 

Figure 4.2.6. Cartoon representation of switching behavior usage to allow for 

independent imaging and UV activated functions including: photolysis of a drug, 

polymerization of medical adhesive, and luminescence.  
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4.3 Energy Transfer with UNPs 

Energy transfer has always been a discussion topic pertaining lanthanides. 

Chelated lanthanides have been used as a sensing probe since the early 1940s. The 

primary mechanism driving their luminescence process is the absorption of UV 

by the chelator. The chelator absorbs UV putting it in a singlet excited state, from 

which it is designed to undergo an intersystem crossing. From here the energy is 

stored in a long lifetime state so it has ample opportunity to transfer to the 

lanthanide. The lanthanide ion will then emit at specific wavelengths depending 

on the ion. This development of lanthanide chelates has matured into many 

technologies. However, UNP based energy transfer systems aren’t nearly to this 

caliber of understanding yet. 

Previously, in section 4.2 we show energy transfer between thulium and 

DPA. However, for the purposes of developing a proper photochemical system it 

is imperative to have a more robust understand of the interactions occurring 

between the dye and the UNPs. For this reason a secondary UNP formulation and 

dye was used to verify the results of the previous experiments. Utilizing erbium as 

a primary activator and rhodamine as an energy acceptor. A series of 

measurements were made testing the concentration of rhodamine b its emission 

given a fixed amount of UNPs. These experiments were designed to determine the 

relative mechanism of population for rhodamine B. In this environment 

rhodamine can be populated either by emission of a photon from the UNP or a 

collision quenching of an excited state in the UNP by rhodamine. For trivial 

radiative transfer of energy in the system we expect to see a linear decrease in 
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UNP luminescence at rate relative to increasing rhodamines absorption. In the 

event of a collisional loss of energy from the UNP one would expect an 

exponential function related to the concentration of rhodamine. The results 

appeared entirely mixed as demonstrated by figure 4.3.1.  The resulting Stern-

Volmer plots (figure 4.3.2) also showed mixed results indicating that both 

radiative and nonradiative processes are occurring.  

 

Figure 4.3.1: Relationship between 522 nm emission of UNPs and the 

concentration of rhodamine B. Emission intensity of Rhodamine B versus its 

concentration excited by UNPs at 980nm.   
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Figure 4.3.2: Stern-Volmer plots of UNPs being quenched at 522 nm by 

rhodamine B (RhB) with an inset showing lower concentrations. I0/I represents 

the expected signal loss due to inner filter effects (IFE). F0/F represents the 

expected Stern-Volmer (SV) plot of signal loss due to energy transfer. 

Experiments were performed by taking a glass cuvette filled with 7.5 mg 

of UNPs suspended in 1.5 mL of chloroform. Spectral measurements were made 

either by exciting the cuvette at 522 nm with a lamp or 980 nm provided by the 

aforementioned laser diode and collecting emission spectra on the Fluorolog at 

between 550-750 nm or 500-700nm respectively.  Rhodamine was added from a 

concentrated stock solution 0.1 mL at a time to the cuvette and measurements 

were repeated.  
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While the results in figure 4.3.2 of the experiments are relatively 

inconclusive about quantitative matters, they affirm suspicions that nonradiative 

energy transfer does occur. Another interesting result of the experiments was a 

significant difference in the self-quenching curves of rhodamine B are dependent 

whether excitation is provided by the UNPs or by a lamp. In theory, collisional 

self-quenching of dyes should not be dependent on their excitation source but 

rather the ability to homotransfer between other dyes. In the case of UNP based 

excitation of rhodamine B the self-quenching appears to be delayed but also 

significantly less severe as seen in figure 4.3.3. These finding lead to curiosity 

about the ability to manipulate nonradiative energy transfer rates in UNPs relative 

to their radiative rates.  

 

Figure 4.3.3: Self quenching curves of rhodamine B as excited by a traditional 

lamp source compared to excitation by UNPs. 
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5. SILENT UPCONVERSION 

5.1 Introduction 

Herein proposed is a novel type of UNP that is capable engaging UV 

energy transfer without undergoing UV radiative depopulation. Ideally, this 

would allow one to excite the particle and generate NIR activated photochemistry 

without introducing potentially detrimental ultraviolet radiation. We call this 

concept silent upconversion and the particles silent UNPs (sUNPs). This benefit is 

most obviously realized in, but not limited to, biological settings wherein 

photochemistry has great potential but UV radiation is known to cause significant 

problems with protein damage, DNA damage and oxidative stress.[1–3] 

This new type of UNP is capable of engaging UV energy transfer through 

the 1D2 state of thulium without undergoing UV radiative depopulation compared 

to the traditional NaYF4:Yb,Tm (30,0.5% doping) UNPs. By introducing an 

internal quenching mechanism ‘Q’ to the UNPs, such as an additional dopant ion 

like terbium or erbium, one can drastically change rate of radiative depopulation 

from the 1D2 state of UNPs (now NaYF4:Yb,Tm,Q). An optimized doping of 

Tb3+, Eu3+, or Er3+ will provide alternative relaxation pathways at such a rate that 

energy would only undergo either microsecond processes of intersystem crossing 

or nanosecond processes of energy transfer and internal conversion. This 

effectively silences the particle in regards to the production of UV radiation. This 

would still allow one to excite the particle in the same stepwise fashion. Once the 

high-energy state is achieved, it will have three potential pathways, as seen in 

Figure 5.1.1, for dissipating its energy: radiative decay, internal quenching, or 
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energy transfer to a substrate. The benefit of silent upconversion is most 

obviously realized in, but not limited to, biological settings wherein 

photochemistry has great potential and UV radiation is known to cause significant 

problems with protein damage, DNA damage and oxidative stress. However, the 

benefit can be derived in any application wherein excitation energy is less 

challenging to deliver in NIR.  

 

Figure 5.1.1: Schematic representation of sUNPs in the absence and presence of 

substrate.  

The rate of radiative decay is relatively fixed. Due to the pathway in 

which energy transfer upconversion populates excited states in the lanthanide, all 

radiative processes are Laporte forbidden. This means these processes are 

relatively slow. Experimentally these rates of radiative decay for UV are in the 

microsecond range (kR = 2*103 s-1). This rate is inherent to the aforementioned 

pathway of excitation. For this reason, the engineering controls for silent 

upconversion are limited to the quenching and energy transfer parameters. 

The rate of quenching has an engineering control during synthesis when 

using an internal quenching ion. The ideal quencher would be one that can accept 
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27778 cm-1 (the energy of thulium’s 1D2 state) energy transfer through fast (kQ =  

106 s-1) pathway, relative to radiative decay, and have some degree of control 

during synthesis, excitation or both. This would effectively silence the particle in 

regards to the production of UV radiation which occurs considerably slower (kR = 

103 s-1). Calculation of kQ employs the operator of electric multipole interactions 

of participating ions: 

𝑘𝑄 =
2𝜋

ℏ
𝑆|⟨𝑓|ℋ|𝑖⟩|2 

where S is the spectral overlap: 𝑆 = ∫ 𝑆1(𝜈)𝑆2(𝜈)𝑑𝜈 with S1 and S2 being spectral 

envelopes of participating transitions. The states ⟨𝑓| and  |𝑖⟩ refer to the final and 

initial state of the system. The matrix term |⟨𝑓|ℋ|𝑖⟩|2 can be separated into terms 

describing multipole interactions with the appropriate distance relations: 𝑒2 𝑅2⁄  

for dipole-dipole, 𝑒2 𝑅4⁄   for dipole-quadrupole, and 𝑒2 𝑅6⁄   for quadrupole-

quadrupole interactions. ).  At separations between two individual ions of R = 0.4 

nm (comparable to the lattice constant of lanthanide crystals), the dominating rate 

of energy transfer is that of quadrupole-quadrupole, kq-q = 1.4×108 s-1, followed 

by dipole-quadrupole (and quadrupole-dipole), kd-q = 0.1 kq-q, and dipole-dipole, 

kd-d = 0.2 kd-q .[58] 

In crystals, one can estimate the critical concentration 𝐶∗of quencher ions, 

i.e., the concentration at which the excited stated is quenched with efficiency 

50%.  Calculations for each type of multipole interactions yield: 𝐶𝑑−𝑑
∗ = 3.9×1019 

cm-3, 𝐶𝑑−𝑞
∗ = 7.2×1019 cm-3, and 𝐶𝑞−𝑞

∗ = 8.5×1019 cm-3, which corresponds to the 0.2 

– 0.4 % doping ratio in lanthanide crystals.[102]    
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This presents two terms which can be modified in the synthesis phase. 

First and most obvious, the dopant concentration of quenching ions C* is variable. 

This is quite facile engineering control. The quenching ion replaces yttrium in the 

NaYF4 core between 0% and roughly 75%. Generally, ytterbium accounts for 

about 20-30% doping of the yttrium and the upconverting luminescent lanthanide 

accounts for 0.5-5% doping of the yttrium. The second option for control is the 

choice of quenching ion. Candidates for quenching ions are those which are 

weakly populated by energy transfer upconversion via ytterbium, however, also 

share spectral envelopes S matching in energy to thulium either in transitions from 

a singular luminescent decay or a cooperative decay. Both of these parameters 

together should allow for fairly high control over the primary pathways for energy 

decay in the absence of energy transfer.  

An optimized doping of Tb3+, Eu3+, or Er3+will provide alternative 

relaxation pathways at such a rate that energy would only undergo microsecond 

processes of intersystem crossing or nanosecond processes of energy transfer and 

internal conversion.  

The rate of energy transfer is governed by two major parameters: 

proximity and spectral overlap. Overall the energy transfer can be estimated by 

the following equation: 

𝑘𝐸𝑇 =
2𝜋

ℏ
𝐹|⟨𝑓|ℋ|𝑖⟩|2 



87 

 

 

where the new term 𝐹 =
1

ℏ𝛾𝐿
√

ln 2

𝜋
exp [− (

Δ𝐸

ℏ𝛾𝐿
)

2

ln 2] approximates the spectral 

overlap of the lanthanide ion and the ligand whose spectral maxima are separated 

by ΔE.[190] Energy transfer to a ligand well within proximity (<0.5 nm) with 

negligible energy mismatch (ΔE→0), and broad overlap, gives a fast rate (kET = 

108 - 1010 s-1).[191] While it is difficult to implement any engineering control in 

the synthesis of the sUNP there are a couple of situational controls that can be 

hypothesized. In the case of either, or both, the sUNP or acceptor being freely 

diffusing the rate of energy transfer can be controlled by adjusting the width of 

the non-participatory shell of the sUNP which will control the ability of the 

acceptor to be in proximity for transfer. In the same vein of thought, ligand 

exchange can also adjust the local chemical environment effecting the ability of 

the acceptor to be in proximity for transfer. In the case of fixed system wherein 

the acceptor is chemically bound to the sUNP the ligand is an extremely easy way 

to gain precise control of the distance by adjust the number of carbons in the 

ligand. 

This new silent UNP system is not without some flaws. One obvious 

problem that arises with silent UNPs doped with ions similarly capable of 

undergoing ETU with ytterbium may lead to lower rated of 1D2 population rather 

than a higher rate of 1D2 depopulation. Doping with additional ions well equipped 

to undergo non-UV radiative decay are less likely accumulate energy leading to 

eventual UV radiative decay.   
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This new material can be engineered several ways that present for very 

interesting ways to take advantage of these properties. An obvious consequence of 

the kinetically favorable energy transfer is the use of sUNPs as a quenching assay. 

Due to their chemical and photostability, sUNPs make for an interesting candidate 

for energy transfer systems. Applications of FRET using sUNPs provide some 

interesting, novel aspects. The first and probably most obvious concern would be 

the lack of traditional donor luminescence, which is used for measuring the 

transfer efficiency. The overlap integral of UNPs can be estimated based on a 

non-quenched system but the luminescence of the donor can now be calculated 

using a highly resolved spectral region from both the excitation source and 

acceptor emission region. To compensate for the lack of a measurable donor 

luminescence one can monitor sUNP emission at 800nm. There is ample room for 

investigation when it comes to how to handle an sUNP as a donor: determining a 

theoretical UV intensity, defining a relationship between the 800nm intensity and 

its theoretical donor intensity, the appropriate orientation factors, and quantum 

yield. 

5.2 Prototype Design 

An important part of generating these new sUNPs is determining some 

engineering controls for the kinetics. One mode, controlling the UV emission, is 

previously discussed in depth in section two. Another engineering control is the 

quenching. Internal quencher ions provide two different modes of altering the rate 

of depopulation of the 1D2 state. The first mode is the selection of quenching ion. 

Ideally the quenching ion would be one that cannot be populated by ETU from 
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ytterbium. Generally speaking, this means utilizing lanthanides which are not 

commonly discussed in the realm of photon upconversion. In the course of these 

works we examined the 1D2 quenching capabilities of terbium, europium and 

erbium. To do this UNPs were synthesized at various doping rates of terbium, 

europium, or erbium. After the particles were synthesized the spectral data was 

collected, normalized and pooled to observe trends across the doping percentages.  

The goal of these experiments was to determine the minimum quencher doping 

rate to eliminate UV radiative decay.  

 There exists some ability to control the rate of energy transfer within 

sUNPs. However, the most obvious method for controlling the rate of energy 

transfer is adding distance between the sUNP and energy accepting substrate. This 

can done is a facile manner by adding a shell on the UNP but this is in direct 

opposition to the purpose of the sUNP. In that regard it is conceivable to utilize a 

porous overlayer to size exclude substrates should there ever be a need. It may be 

useful in characterizing the rate of energy transfer to have a series of shell 

thicknesses to define the efficiency of energy transfer when a matured paradigm is 

developed.   

In the process of attempting to make sUNPs we discovered an interesting 

architectural design which leads itself to energy transfer systems. The core of the 

particle is sodium ytterbium fluoride. The composition of the shell of the particle 

is that of a standard core: sodium yttrium fluoride doped out with 30% ytterbium 

and 0.5% thulium. For normal bioimaging purpose this particle architecture would 

be quite terrible since all of the activator ions are on, or near, the surface of the 
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UNPs making them subject to severe nonradiative losses. However, when the goal 

of the particle is not to produce UV radiation this becomes an acceptable loss. We 

refer to this as a seed core/active shell architecture (SCAS). For standard particles 

which only consist of a homogenous core, the rate of energy transfer is severely 

limited due to the fact that the majority of thulium will usually be contained to an 

inner volume which physically cannot interact with the substrate for energy 

transfer. In theory, thulium ions in extremely small particles, less than 10 

nanometers in diameter, would be equivalent in their accessibility to the substrate. 

The advantage of the thulium-free core and thulium-doped shell proposed here is 

that such a nanoparticle still absorbs and transfers energy from the sensitized core 

and improve the fraction of thulium ion reaching the 1D2 state. A visualization of 

this can be seen in figure 5.2.1. 

 

Figure 5.2.1: A visual representation of homogenous core particles and the 

proposed SCAS architecture (left). A graph of % volume of the UNP which can 
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participate in energy transfer based on UNP radius at different distances of energy 

transfer (DET). 

 Utilizing the newly synthesized particles, of both traditional homogenous 

core and new SCAS architectures, similar experiments were carried out utilizing 

9,10-diphenylanthracene as a FRET acceptor. These spectral measurement 

experiments were carried out in an identical fashion to those discussed in section 

4.3. The goal of these experiments was to witness UV activation of DPA in the 

presence of UNPs which do not emit UV. An alternate goal, for particles which 

did emit UV, was to compare the loss of UNP UV emission relative to DPA 

emission. DPA gets used as a fluorescence standard because it has a quantum 

yield close to 1. 

5.3 Results 

Terbium, erbium and europium were tested for their ability to quench the 

1D2 UV emitting state of thulium. To do this homogenous core particles were 

made by Ostwald ripening at a doping rate of 0.5% thulium, 30% ytterbium, X% 

quencher with the remaining 59.5-X% being yttrium. The doping rates varied 

from 0 to 2% for the quencher. Emission measurements from the UNPs were 

normalized based off the total energy of emission. The effect quenching for 

terbium on 1D2 emission can be seen in figure 5.3.1.  
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Figure 5.3.1: Plot of normalized emission from designated energetic states 

attributed to thulium and terbium. 

Across the different doping schemes of NaYF4:Yb,Tm,Tb failed to 

eliminate significant UV emission from the UNPs even at 2% terbium doping. 

Because of the limited success with terbium quenching, an alternative ion of 

erbium was investigated. Erbium was a problematic choice of UV-quenching ion 

because it can also emit in the UV. The quenching effects of erbium as it relates 

to the relative rates of erbium UV and thulium UV can be seen in figure 5.3.2. 
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Figure 5.3.2: Normalized emission intensities of thulium 1D2 emission and erbium 

4G11/2 UV emission. 

 Europium was also tested as a potential quencher because of its ability to 

accept UV energy, as commonly seen in its chelated form, and convert that 

energy down to the visible range. However, initial attempts at 1-4% doping rates 

showed minimal effect on the radiative rates of the 1D2 state. Therefore, these 

doping schemes will not be discussed in the context of quenching schemes.  
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Figure 5.3.3: Emission spectra showing trends of erbium quenched UNPs and the 

sequential addition of DPA.  

 Experiments with 9,10-diphenylanthracene were relatively inconclusive 

for most doping schemes. An example of these results can be seen in figure 5.3.3 

However, the major interesting results came from a single experiment testing a 

UNP with two quenching dopants, europium and erbium, after sequential addition 

of DPA. The addition of DPA resulted in enhancement luminescence from the 

UNPs. These effects can be seen in figure 5.3.4 where emission is normalized to 

its own band to demonstrate enhancement rates.  
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Figure 5.3.4: Emission band enhancement of homogenous core Tm-Er-Eu UNPs 

based on concentration of DPA in suspension. 

 Similar experiments were performed for Tm-Er-Eu active shell UNPs to 

determine enhancement factors. To make a comparison one has to make a 

considerable number of assumptions. The first assumption is that energy transfer 

distance is 7 nm. The second is that both particles are approximately 50 nm in 

diameter and lastly that the active shell adds no more than 14 nm diameter on to 

the particle. The latter two assumptions should be verified by dynamic light 

scattering measurements of size but were not performed due to time constraints. 

These are not unreasonable assumptions because the synthetic method routinely 

forms particles of 50 nm in diameter and the shells were synthesized utilizing half 

molar reagents of the core (assuming the particles are nearly spherical gives the 

radius added by the shell a cubic relationship with the volume of material 

required, starting at roughly 25 nm).  Based on that figure 5.2.1 we would expect 
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that only 60% of activators would be contained within a volume that is active and 

therefore expect to see roughly a 1.667 times higher enhancement. Again this is 

highly speculative. In figure 5.3.5 below we establish the similar enhancement 

schemes. The estimates seem to be loosely supported by figure 5.3.5.  

 

Figure 5.3.5:  UNP emission band enhancement of SCAS architecture Tm-Er-Eu 

UNPs based on concentration of DPA in suspension. 

5.4 Conclusion 

The results of these experiments are scattered but do yield interesting 

nuggets of insight pertaining to silent upconversion and the proposed active shell 

architectures influence on these processes. The largest concern based on the 

results of the experiments presence is the general lack of distinguishable energy 

transfer to the molecular probe (DPA). It is difficult to say with any certainty that, 

given the experimental conditions, we will be able to observe silent upconversion 
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in its most simple form (e.g. no UV emissions but in the presence of a UV 

accepting FRET fluorophore emission is observed from the fluorophore). 

Although the diffusion-based experiments should have high probability of energy 

transfer based on the long lifetime of excited states in UNPs observation of a true 

silent upconversion event may require a static system. It is not particularly 

difficult to do in the case of hydrophobic UNPs by conjugation of a FRET probe 

to capping ligands on the particle. Requiring a static system doesn’t bode well for 

the development of a silent system. Despite that there are reasons to be optimistic. 

Although the results of the SCAS architecture experiments do not 

necessarily provide infallible evidence of silent upconversion, it is still a good 

step forward in development for the concept. There is a lot of work to be done in 

terms of replication, characterization and quantifying the capabilities of the active 

shell method for energy transfer systems. A future goal would be to perform 

SEM-EDS to on these particles to verify the distribution of active ions in the 

SCAS architecture. Replications would be important to prove that in the SCAS 

architecture UNPs energy transfer rates are greater than those observed in 

homogenous core particles. Another experiment would be just to synthesize 

unquenched SCAS UNPs (NaYbF4 core, NaYF4:Yb,Tm shell) and measure Stern-

Volmer plots. This data could be compared to homogenous core, unquenched 

UNPs (NaYF4: Yb,Tm). There should be some difference in the contribution of 

radiative and non-radiative energy transfer which could further verify the 

effectiveness of this architecture. Similar experiments can be performed with 

NaYF4 core SCAS UNPs to determine if there is an improvement in both 
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absorption and ability to achieve the 1D2 state of thulium (measured in emission 

for unquenched particles).  

Reproducibility has been a constant problem with these experiments. 

Because it’s difficult to completely eliminate UV radiative decay and still confirm 

that thulium is excited to the 1D2 state we conceded a small amount of UV 

emission is permissible. For a FRET process to be evident one would expect DPA 

emission in significant excess of the UV emission of particles. For example, 

recording twice the number of DPA photons emitted compared to UNP UV 

photons would be straightforward evidence of a FRET interaction between UNPs 

and DPA (this would be clear indication that a non-radiative process is occurring 

at a rate faster than the radiative lifetime would permit). This is measured based 

on UNP emission by itself in suspension and subsequent DPA emission when it is 

added to suspension. The earliest experiments with standard NaYF4:Yb,Tm UNPs 

showed energy transfer results with an excess 2:1 yield. These sUNP and SCAS 

UNP experiments reignited the hope of finding obvious energy transfer from 

UNPs to a substrate. However, in later tests neither the UNP to DPA energy 

transfer was observed nor the DPA based Tm-Er-Eu enhancement.  

Despite mixed results in terms of spectral measurements some progress 

has been made. Especially as it pertains to the ability to isolate non-radiative 

energy transfer interactions. In the future it may be possible to even further 

improve diffusion-based energy transfer by creating a staircase like depopulation 

of the 1D2 state through careful selection of quenching ions and consecutive active 

shells. There is a lot of room for future experimental development as well. 
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Particles can be statically quenched as well to determine quantitatively accurate 

energy transfer information since the rate of conjugation can be well defined, as 

well as the distance between the FRET acceptor and donor. Overall, the outlook 

on silent upconversion is optimistic.  
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6. CONCLUSION 

 Upconversion nanoparticles are definitely one of the most interesting and 

unusual probes imaging. Throughout the last ten years, research groups have 

made enormous strides in maturing every single aspect of UNPs from the 

synthetic chemistry to novel applications including deep brain stimulation by 

UNP triggered optogenetics.[17,110] While UNPs haven’t matured to the point of 

clinical maturity they are certainly making steady progress in that direction. 

Recent studies have found high clearance of UNPs, minimal long term retention, 

and a general lack of inherent toxicity related to the UNPs.[124–127] Despite 

these positive indicators, the medical field still has a lingering concern due to 

retention of chelated gadolinium used for contrast MRI. The true thing holding 

back UNPs from eventual clinical use is a lack of a compelling use case to 

overcome those worries. 

 The original goal of this work was to further develop NaYF4:Yb,Tm as a 

tool for photochemistry. The intention was to provide further opportunity to 

advance UV activated photochemistry in biological settings by providing 

alternative excitation source in the NIR. The appeal and advantages of this type of 

system are obvious. We made significant advancements in harnessing the photon 

upconversion of NIR to UV. This came in both the form of an exhaustive 

collection of preparative means for improving UV luminescence. We also 

demonstrated a clear set of preparative and post-preparative techniques for 

controlling the UV output of NaYF4:Yb,Tm UNPs. The post preparative 

techniques ranged from power modulation as seen in figure 4.1.1 and pulse width 
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modulation. An understanding of the relationship between power of excitation 

and UV output allows for some estimation of loss of efficiency one might expect 

to see when altering the excitation power to meet maximum allowable excitation 

given a biological medium (i.e. tissue or just cell culture). Pulse width modulation 

as a post preparative technique is fundamentally different in that the mean power 

of excitation remains the same but output of the particles is controlled by shifts in 

the temporal domain. This technique has a lot of potential in future clinical 

application of UNPs to minimize UV dosing while maintaining bioimaging 

capability. 

 The introduction of silent upconversion is important milestone in these 

works. The multiple approaches made in effort to advancing this discovery are 

will hopefully aid in their eventual realization. While the concept of multiple 

dopants has been discussed in terms of tuning UNP luminescent for NIR to visible 

imaging for some time, discussion of tuning UV in this manner is limited.[62] 

While these experiments didn’t lead to an example of the obvious and simple 

form of silent upconversion in the form of UV free DPA excitation by 

nonradiative energy transfer, it did evoke some interesting ideas in its pursuit. The 

idea of step-wise depopulation pathway of UV to prolong the amount of time 

energy exists at level compatible for photochemistry is certainly interesting. 

Furthermore, the architectural concept of a sensitized core, active shell UNP for 

energy transfer systems is an interesting concept in its own right, and also 

valuable in advancing silent upconversion. I am optimistic that future 

advancements in silent upconversion will make UNPs a compelling alternative for 
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activation of photochemistry in biological settings, perhaps even clinical 

technologies.  
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APPENDICES 

APPENDIX A:  LIST OF ABBREVIATIONS  

UV  ....................................................................................................... ultraviolet 

NIR  .................................................................................................. near infrared 

UNP  ............................................................................. upconversion nanoparticle 

TPA  ....................................................................................two photon absorption 

SHG  ......................................................................... second harmonic generation 

ESA  .................................................................................. excited state absorption 

ETU  ......................................................................... energy transfer upconversion 

CSU  ......................................................... cooperative sensitization upconversion 

TTA  ............................................................................... triplet-triplet annihilation 

OPO ........................................................................... optical parametric oscillator 

SEM  ........................................................................ scanning electron microscopy 

TEM  .................................................................. transmission electron microscopy 

XRD  ............................................................................................. x-ray diffraction 

PCR  ..............................................................................polymerase chain reaction 

PBS  .............................................................................. phosphate buffered saline 
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DPA  ................................................................................ 9,10-diphenylanthracene 

FRET  .....................................................................Förster resonant energy transfer 

sUNP  ....................................................................silent upconversion nanoparticle 

SCAS  ..................................................................................... seed core active shell 

EDS  ........................................................... energy dispersive x-ray spectroscopy 

APPENDIX B:  SOLVOTHERMAL REACTION  

0.25 mmol of lanthanide nitrate and a PTFE stir bar were added to a 50mL RBF 

along with 27.5 ml of ethanol and sonicated.  0.268 g of sodium oxalate (2.0 

mmol) was added and continued sonication. After sonicating for 10 minutes, 

0.084 g of NaF (2.0 mmol) and 2.0 ml of DI water were added. The mixture was 

moved to a preheated oil bath at 55°C where it was left to stir for two hours. 10 

ml of the mixture was taken for solvothermal reaction and placed into a Teflon 

cup inside of a bomb reaction chamber. The remaining was collected by 

centrifuging, washed with DI water for three times, and dried under vacuum at 

room temperature. The bomb reaction chamber was placed into an annealing oven 

and heated to 220°C at a rate of 5°C/minute where it was left for 2 hours before 

cooling back down. UNPS were collected by centrifuging, washed with DI water 

for three times, and dried under vacuum at room temperature.  

This method was adapted from Tang et al.[115]  
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APPENDIX C:  THERMOLYTIC REACTION  

The first step of a thermolytic decomposition reaction is to form the lanthanide 

trifluoroacetate precursors. If one has already procured lanthanide trifluoroacetate 

salts then this step can be skipped. In a typical synthesis, 5 mmol of lanthanoid 

oxides at a molar ratio of 78:20:2 Y3+:Yb3+:Er3+ or 79.5:20:0.5 

Y3+:Yb3+:Tm3+ were added to a solution made up of 25 mL deionized water 

and 25 mL trifluoroacetic acid, forming a cloudy, white suspension. This solution 

was then heated to 80°C and magnetically stirred overnight to form lanthanoid 

trifluoroacetate (TFA) precursors. Precursors were separated from solution by 

rotary evaporation, dissolved in 20 mL of tertiary butanol, and lyophilized.  

The second step is to prepare the following list of reagents below: 

Theoretical Amts.     Appreciable Amts. 

2 mmol Lanthanide Trifluoroacetate   763.12 mg 

20 mmol Oleic Acid     6.32 mL 

20 mmol oleylamine     6.60 mL 

40 mmol 1-Octadecene    12.8 mL 

2 mmol Sodium Trifluoroacetic Acid   272.02 mg 

After they procured add all the reactants into a 100 mL four neck RBF. Attach the 

RBF to the reflux column while being nestled on the heating mantle and close 

enough to the hot plate to stir. Set the top-stirrer between 60-100 RPM to get it 
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started in gentle full spins. Place the thermometer and adapter into the left neck 

and the gas exchange adapter into the right neck. To the top centered neck add 

the top stirring arm. Add sealing tape to all but the temperature probe joint. 

Purge the system with Argon for about 5 minutes. The Argon flow should be set 

gentle enough to make the plug placed at the top of column gently bounce then 

hover just a small distance on the top. Next put the system under vacuum and set 

the power control to 25% voltage. Set the stirring to a higher setting but not high 

enough for splashing. Turn the fluidized sand bath on to the offset 

temperature (178-200°C) which is appropriate for the endpoint temperature 

310°C and turn the argon flow on lightly. This is necessary to have the bath 

ready for when it’s time to transfer. Every 5 minutes allow 30 seconds of 

Argon flow until the system heats to 70 degrees Celsius.  Around 70 degrees 

Celsius change to Argon flow and remove the reflux column. Using a serological 

pipette rinse the system with the liquids present to get all the solids off the wall. 

Reset the reflux column to the system and set the system to vacuum. Adjust the 

power to roughly 20-30% voltage and let the system sit for an hour under 

vacuum. After an hour has passed the system should not contain any visible 

chunks. If the temperature of the sand bath is in range prepare for the next steps.  

Change the system to Argon flow and gently hover over the plug on the top of the 

reflux column to make sure it does not fly off. Stop the top stirring. Delicately 

relax the clamps at the stand so the system can be lifted and lowered into the sand 

bath.  Once lowered into the bath so that no neck joint is submerged fasten the 

clamps again (be prepared for a slight height adjustment as fastening the joints 
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will lift the system slightly). Start the top-stirring motor again, if it doesn’t stir 

properly adjust the height and entry angle until it begins stirring (complete this 

task quickly). Monitor stirring and temperature. Allow the reaction to stay above 

250°C for about 30-45 minutes.  After 30-45 minutes have elapsed, raise the 

system out of the bath and allow it to continue stirring until the temperature has 

cooled below 100°C.  

The system liquid should be clear. Once cooled to room temp add 50 mL of 

ethanol. Pipette out roughly 20 mL of solution into a centrifuge tube and then 20 

mL into an already massed and marked (cap and tube) centrifuge tube. Add 

ethanol to the tubes until the solution is somewhat whitened. Centrifuge at 5000x 

gravity for ten minutes then remove supernatant. Remove the supernatant leaving 

some solvent if there is a fluid pellet. Add 20mL more of the solution from the 

RBF to the centrifuge tubes and repeat. Add 5 mL hexanes to the RBF and rinse. 

Next pipet the 5 mL of hexane into the unmarked tube then dissolve the pellet. 

Transfer the hexanes to the marked tube and dilute with ethanol until the solution 

begins to precipitate again. Run the marked tube against a water counter-weight. 

Remove the supernatant from the system and dry the tube with a light blast of 

nitrogen gas. Once the tube is dried cap it with a rubber band and Kimwipe. Turn 

on the cold trap. When the cold trap is ready place the sample into the vacuum 

chamber and turn on the vacuum pump. Let the sample vacuum overnight. 

After the sample is completely dried turn off the vacuum and release the pressure 

on the chamber. Place the marked cap on the tube and re-mass the tube. Disperse 

the sample in [1-Octadecene if the sample will receive another heating] 
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chloroform at a concentration of roughly 5 mg/mL. Use the zetasizer to find the 

distribution size of nanoparticles. If there are multiple distributions centrifuge out 

the larger sized distributions.  

This synthesis is an adaptation of that presented by Yi and Chow.[120] 

APPENDIX D: OSTWALD RIPENING REACTION  

Theoretical Amts.     Appreciable Amts. 

1.6 mmol Lanthanide Acetate    Depends on doping 

9.6 mL Oleic Acid     9.6 mL 

24 mL 1-Octadecene     24 mL 

16 mL Methanol     16 mL 

2 mmol Ammonium Fluoride    237 mg 

2 mmol Sodium Hydroxide    160 mg 

After all the reagents are procured add all the lanthanides, oleic acid, 1-

octadecene, and a borosilicate stir-bar into a 100 mL three neck RBF. Attach the 

RBF to the reflux column while being nestled on the heating mantle and close 

enough to the hot plate to stir. Set the stirring between 200-300 RPM to get it 

started in gentle full spins. Place the thermocouple with gas adapter into the left 

neck and thermocouple feedback probe for mantle controller into the right neck. 

Purge the system with Argon for about 5 minutes. The Argon flow should be set 

gentle enough to make the plug placed at the top of column gently bounce then 
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hover just a small distance on the top. Next put the system under vacuum and set 

the mantle to 120°C. Every 5 minutes allow 30 seconds of Argon flow for 30 

minutes while the system degasses and removes water. While this is happening, 

prepare a 50mL RBF and charge it with the ammonium fluoride and sodium 

hydroxide. Add 16mL of methanol and sonicate it for later. After thirty minutes 

the turn off the heating mantle and wait for the reaction to cool to 50°C. Using a 

serological pipette rinse the system with the liquids present to get all the solids off 

the wall and then transfer the methanol solution to the reaction vessel. Allow the 

reaction volume to stir for 30 minutes under argon at 50°C. After 30 minutes have 

passed the reaction should be heated to 70°C under argon with the reflux column 

off so that the methanol can distill off.  Once the methanol is allowed to distill the 

reflux column should be turned back on and the reaction should be heated to 

300°C for about 2 hours.  After 2 hours have elapsed the heating should be turned 

off and the reaction vessel should be elevated off the mantle for faster cooling.  

The reaction volume should be transparent. Once cooled pipette out roughly 5 mL 

of solution into an unmarked centrifuge tube and then 5 mL into an already 

massed and marked (cap and tube) centrifuge tube. Add ethanol to the tubes until 

the solution is somewhat whitened. Centrifuge at 5000x gravity for ten minutes 

then remove supernatant. Remove the supernatant leaving some solvent if there is 

a fluid pellet. Add 5mL more of the solution from the RBF to the centrifuge tubes 

and repeat. Add 3 mL hexanes to the RBF and rinse. Next pipet the 3 mL of 

hexane into the unmarked tube then dissolve the pellet. Transfer the hexanes to 

the marked tube and dilute with ethanol until the solution begins to precipitate 



110 

 

 

again. Run the marked tube against a water counter-weight. Remove the 

supernatant from the system and dry the tube with a light blast of nitrogen gas. 

Once the tube is dried cap it with a rubber band and Kimwipe. Turn on the cold 

trap. When the cold trap is ready place the sample into the vacuum chamber and 

turn on the vacuum pump. Let the sample vacuum overnight. 

After the sample is completely dried turn off the vacuum and release the pressure 

on the chamber. Place the marked cap on the tube and re-mass the tube. Disperse 

the sample in [1-Octadecene if the sample will receive another heating] 

chloroform at a concentration of roughly 5 mg/mL. Use the zetasizer to find the 

distribution size of nanoparticles. If there are multiple distributions centrifuge out 

the larger sized distributions. 

This method was adapted from Yan et al.[169]  

APPENDIX E:  MATLAB SCRIPT FOR AXIAL RESOLUTION 

clear all; 

tic; 

for k = 88:88; 

A = xlsread('Blue XZ 106.xlsx',strcat('MC', num2str(k))); 

Q = zeros(1,41); 
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R = 

[0.05,0.1,0.15,0.2,0.25,0.3,0.35,0.4,0.45,0.5,0.6,0.7,0.8,0.9,1,1.25,1.5,1.75,2,2.5,3

,3.5,4,4.5,5,6,7,8,9,10,12.5,15,17.5,20,25,30,35,40,50,60,70]; % power percents 

for PD = 1:41; %power percents named incrementally for ease of input 

x = [0:13]; 

x = x'; 

y = A(1:14,PD); 

xi = 0:0.01:13; 

yp = pchip(x,y,xi); 

maxy = max(y(2:11)); 

basey = (mode(y(2:11))+median(y(2:11)))/2; 

hm = ((maxy-basey)/2)+basey; 

T = maxy*0.01; % Tolerance for half max peaks 

xs = zeros(1,1301); 

for i = 1:1301 

        if yp(i)>= hm+T 

            xs(i)= 0; 

        elseif yp(i)<= hm-T 
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            xs(i)= 0; 

        else 

            xs(i) = 1; 

        end 

end 

% figure(1); 

% plot(xi,xs); 

[pks,locs] = findpeaks(xs,xi); 

% figure(2); 

% plot(xi,yp,'-',x,y,'o'); 

NO = sum(pks); 

if NO == 2; 

    Q(PD) = locs(2)-locs(1); 

else Q(PD) = 0; 

end 

S(PD) = maxy/basey; 

xlswrite('Blue XZ 106.xlsx',Q,strcat('MC ', num2str(k)),'B16:AP16');%Power 

percentage 
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xlswrite('Blue XZ 106.xlsx',R,strcat('MC ', num2str(k)),'B15:AP15');%FWHM 

value 

xlswrite('Blue XZ 106.xlsx',S,strcat('MC ', num2str(k)),'B17:AP17');% Signal to 

Noise Ratio 

end 

end 

toc; 
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APPENDIX F:  REPRINT PERMISSIONS 
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